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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) ___N______ If yes, please list make and model of your microscope: ______________________________

B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)___N_____ 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps

Step 3 (3.1 + 3.2): Fabrication of the microfluidic optomechanical resonators.

Step 4 (4.2 + 4.3): Mounting the microfluidic resonators for experimentation

Step 5.3: Coupling the device to the tapered optical fiber

Step 5.4: Observing optomechanical oscillations using electronic spectrum analyzer

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  

Controlling quality of fabrication process is the single most difficult aspect of this procedure. Optimization of fabrication parameters is what needed to ensure success.  
1. Introduction (Schematic Overview and Interview)
A. Schematic Overview (read by voice talent at JoVE):
Procedural Narrative:
The overall goal of this procedure is to ___fabricate and demonstrate optomechanical oscillators that operate with fluid-phase media___ . (Intro)

This is accomplished by first ____fabricating microfluidic optomechanical resonators through heating and drawing of fused silica glass capillary preforms under CO2 laser illumination_____. (P1)
The second step is to mount the fabricated devices for testing. (P2)
Next, a diode laser is used to pump optical whispering gallery modes of the fabricated device by means of a tapered optical fiber. (P3)
Ultimately, electronic spectrum analysis of the output optical signals is used to show optomechanical interaction and sensing through mechanical modes in fluids _____. (P4)
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Paste a copy of your graphic overview here.  The original file should be Adobe Illustrator (preferred) or Powerpoint (see instructions) and should be uploaded through your online submission on the JoVE website. Please keep all layers in the file (i.e., do not flatten the file).   
B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Author name __Gaurav Bahl______: These devices provide a previously unavailable capability of performing optomechanics experiments with fluid-phase materials.  

1.2. Author name ___JunHwan Kim____: Generally, individuals new to this method will struggle because the fabrication process needs practice and the fabrication parameters must be optimized.

1.3. Author name __Kewen Han_______:  demonstration of this method is critical as the actuation and identification of optomechanical modes is difficult to master.
Protocol (read by voice talent at JoVE):
2. The Capillary Manufacturing Setup
2.1. The microfluidic resonators will be fabricated by heating and drawing preformed glass capillaries.  To accomplish this, first align two software-controllable linear translation stages so they move along the same line.  They should be separated by a few centimeters so that the capillary can be extended across the gap.   

2.1.1. WIDE: Talent arriving at bench and beginning to prepare for the next steps, for example, starting to place/check the translation stages 

2.1.2. MED: Talent placing/adjusting translation stages that are

2.1.3. CU: Separation between the two translation stages as they are being brought into position. Ideally there will be something suggesting the scale of the separation

2.2. Sample holders on the stages should be aligned to hold a capillary on-axis along the line of motion of the stages.   The heating will be done by two CO2 lasers. Before proceeding, take appropriate safety precautions for working with high-power lasers. (TEXT: Ensure there is appropriate fume exhaust and fire protection)

2.2.1. MED: Talent checking alignment of the sample holders/translation stages

2.2.2. WIDE: Talent and lasers clearly in view, talent putting on protective eyewear and taking other safety precautions (Video editor: This goes with second and third sentences)

2.3. Then, direct the output of the lasers such that they target the same spot in the gap between the linear stages. This spot should be at a point where a capillary will be suspended.  Make use of beam blocks to stop the beams after the target spot.    

2.3.1. MED or WIDE: Talent directing/focusing laser beams in region

2.3.2. CU: Beam card showing point of intersection of the two beams in the gap between the translation stages

2.3.3. WIDE: Talent adjusting beam blocks
2.4. Use software for the simultaneous control of the two translation stages and the power levels of the two CO2 lasers. For this setup, reliable capillaries are produced when one stage moves fast, about 10 mm/s; and the other slow, about 0.5 mm/s in the same direction, to feed in more material to the heating zone.  Both lasers are set at 4.5 W for a 3 second preheating period, then 5 W or higher during the drawing process. (TEXT: See manuscript for forming bottle resonators)

2.4.1. WIDE: Talent arriving at computer

2.4.2. TEXT (ultimately on 5 lines): Reliable capillary parameters [new line] Fast stage: 10 mm/s   typical range 5–10 mm/s [new line] Slow stage: 0.5 mm/s typical range 0–1 mm/s [new line]

2.4.3. TEXT (continuing from 2.4.2) Laser power, preheating: 4.5 W for 3 s [new line] Laser power, drawing: 5 W 
3. Fabrication of Microfluidic Optomechanical Resonators
3.1. To fabricate the resonator, use fused silica capillary preform.  Cut a length that can reach between the two sample holders on the linear translation stage, about 2–4 centimeters.  Next, attach the capillary to the sample holders so the laser target zone is roughly in the middle of the capillary length.
3.1.1. WIDE: Talent at bench with reel of silica capillary preform

3.1.2. MED: Talent preparing a length of capillary for use 

3.1.3. CU/ECU: Talent completing attachment of capillary, followed by image of completed assembly.  Please show as much context as possible while keeping capillary visible [Take 2] 
3.2. Proceed by starting the control software. The laser preheats the capillary for 3 seconds, then the capillary is pulled for about 10 seconds.  When the process is over, remove the drawn capillary by only handling the thick, unpulled end to prevent contamination.

3.2.1. WIDE: Talent at computer, starting process

3.2.2. CU: The capillary and laser target region (and some of the translations stages, if possible) during the fabrication process. 

3.2.3. CU: Talent removing the capillary

3.3. Hang the capillary so the clean resonator surface is suspended in air.  Create capillaries with different diameters by varying the pulling parameters and repeating the fabrication process. 

3.3.1. CU: Talent storing hanging capillary to prevent contamination

3.3.2. WIDE: Talent going through steps of the experiment to create another capillary

3.4. To ensure the capillaries are open, work with a shallow pan of water and a syringe. Carefully pick up a finished capillary and dip one end into the water. Use the syringe to blow air through the other end.  Air bubbles indicate the capillary is open.

3.4.1. MED: Talent arranging pan of water and syringe for next step

3.4.2. MED: Talent getting capillary and dipping one end in water

3.4.3. CU: Capillary with one end in water; syringe moved into place and used to blow air and air bubbles in water
4. Mounting the Fabricated Device for Testing
4.1. Before testing the capillaries, a holder must be built to mount them.  To do this, cut three 1 cm by 0.5 cm glass pieces from glass slides.  In addition, cut one 3 cm by 0.5 mm piece, also from a glass slide. Then use glass bonding adhesive or superglue to assemble these pieces into an E shape.

4.1.1. MED: Talent at bench working with materials to make holder

4.1.2. CU: Talent arranging three pieces from slide for viewing

4.1.3. CU: Talent placing fourth piece next to first three (Video editor: Please transition to next shot to suggest passage of time)

4.1.4. CU: Talent showing completed structure  

4.2. Next, cut from a drawn capillary a length that can span the distance between two adjacent branches on the E-shaped holder and extend beyond them.  Use optical adhesive to glue the capillary so its ends extend beyond the two branches of the holder, and its center is suspended between them.  Then, cure the optical adhesive with an LED UV curing light for as long as needed, about 10 seconds.

4.2.1. ECU or CU: The cut capillary having its length compared to the holder

4.2.2. ECU or CU: The capillary being suspended and glued between branches of the holder

4.2.3. MED: Talent placing sample under curing light

4.3. Proceed by obtaining plastic tubing with an inner diameter slightly larger than the capillary.  (TEXT: Tube inner diameter about 200 µm)  Carefully insert a tube over each end of the mounted capillary. (TEXT: The tubing is used for introducing analytes) Again use optical adhesive to seal the connection between the capillary and the tubes and cure with UV light. After curing, the assembly is ready for mounting using the third, free, glass branch to clamp the structure in place.

4.3.1. ECU or CU:  Plastic tubing being brought near/compared with capillary (Video editor: Please transition to next shot to suggest passage of time)

4.3.2. ECU or CU: Tubing already over one end of capillary and being placed over the other end 

4.3.3. [combined with 4.3.2] ECU or CU: Optical adhesive being used to seal connections between tubes and capillaries

4.3.4. CU: Assembly being picked up by the third branch and displayed
5. Taper-coupling to Whispering Gallery Optical Resonances and Searching for Electronic Signals Indicating Mechanical Vibration
5.1. This experiment makes use of a wavelength-tunable fiber-coupled infrared laser connected to a function generator used to periodically sweep the laser wavelengths.  The laser output is first passed through a polarizer.  From there it is coupled to a single mode, telecom-band, tapered fiber waveguide that is close to a nano-positioning stage (TEXT: See manuscript for preparation of tapered fiber)
(Videographer:  The goal of the next four shots is to identify the major components of the experimental setup.  Ideally each component mentioned in a shot will be easily identified by the viewer and there will be some context to give its position relative to the immediately preceding elements.)
5.1.1. WIDE: Talent at bench, connecting laser and function generator 

5.1.2. MED: Talent moving from laser/function generator to make/check connection between laser and polarizer

5.1.3. MED/CU: Talent (hands only, if necessary) going from polarizer to coupling with fiber waveguide, the fiber waveguide, and the nearby nano-positioning stage. Viewers should be able to identify the coupling, waveguide, and translation stage. Include as much context regarding position of previous elements as possible. [Take 2 includes 2 separate trials] [Take “B” is wide shot]
5.2. After the tapered fiber, the light passes through attenuators to protect the downstream analyzers.  For this experiment, following the attenuator, the light is directed to a photodetector attached to an electrical spectrum analyzer and an oscilloscope.  Begin the experiment by stabilizing the laser and beginning sweeps of the laser beam wavelength.

5.2.1. MED/CU: Tapered fiber and attenuators as talent (hands only, if necessary) checks (in some way points out) the attenuators. Include as much context regarding previous elements as possible.

5.2.2. [combined with 5.2.1] WIDE: Talent making/checking connections with electrical spectrum analyzer and oscilloscope

5.2.3. WIDE: Talent working with laser and function generator

5.3. Next retrieve the mounted capillary resonator. Mount the capillary resonator holder on the nano-positioning stage near the tapered fiber.  Then, carefully translate the stage to bring the resonator about 1 micron from the tapered fiber to obtain evanescent coupling.

5.3.1. MED: Talent with a mounted capillary

5.3.2. CU: Holder, with capillary, as it is being mounted on nano-positioning stage

5.3.3. MED: Talent translating the resonator into position

5.4. As the wavelengths are swept, dips in the laser transmission as a function of time viewed on the oscilloscope indicate the presence of evanescent coupling and resonances.  Use the spectrum analyzer to search for temporal interference between the input laser light and the scattered light.  This “beat note” occurs at the mechanical oscillation frequency. (TEXT: Input power of 100 µW is usually sufficient to excite mechanical vibration)  

5.4.1. LAB MEDIA or SCREEN: An oscilloscope trace indicating the existence of coupling between the fiber and the resonator

5.4.2. MED: Talent working with oscilloscope then switching to work with analyzer.  If instrument screens are visible, make sure they are consistent with script. [Do not use Take 1]
5.4.3. LAB MEDIA: Figure5a (Authors: Please submit the panels of Figure 5 separately and without the labels a, b c.  In panel a, remove the arrow and text identifying the mechanical mode.  Please name them Figure5a, Figure5b, Figure5c. If you produce  screen captures, alter the script accordingly) 

5.5. In this example a mechanical mode at 24.94 MHz is excited in the capillary by radiation pressure. Attempt to lock to the relevant optical mode for a mechanical oscillation by turning off the laser frequency scan and controlling the laser wavelength in continuous wave mode.  Periodic signals will appear on an oscilloscope when a mechanical mode is present.

5.5.1. LAB MEDIA: continue with Figure5a  (Video editor:  Please highlight/point out the first peak on the left and label it with 24.94 MHz starting with “a mechanical mode...” and continuing to the end of the sentence)

5.5.2. WIDE: Talent turning off sweep and working to lock optical mode

5.5.3. LAB MEDIA: Figure5b 
6. Conclusion (said by authors on camera):
6.1. Author name __Kewen Han______: Once mastered, device fabrication and testing can be completed in ____about 45 minutes________  if it is performed properly.

6.2. Author name ___JunHwan Kim_____: While attempting this procedure, it’s important to remember __that the resonator and tapered fiber must never be handled manually or even with tweezers, to maintain cleanliness of the surfaces_____.

6.3. Author name ___Gaurav Bahl_____: Since its development, this technique has paved the way for researchers in the field of __cavity optomechanics___ to explore __novel interactions with liquids and bioanalytes.
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

General Preparation
It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions, as well as an introduction to your videographer, closer to your filming date.
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