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Authors, please fill out the brief questionnaire below.   

A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) ___No______ 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)__No____ 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps___2.1-2.4 and 3.6-3.8_______________________
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  ___In step 4.4, the water-oil interface, which is not visible, should be placed on the focal plane of the camera in order to clearly monitor the pattern transformation of the sample. We adjust the location of the Petri dish carefully before the actual swelling experiment. ____

1. Introduction (Schematic Overview and Interview)

A. Schematic Overview (read by voice talent at JoVE):

Conceptual Narrative:
The overall goal of the following video is to demonstrate construction of a simple 3D gel micro-fabrication tool and its use in pattern transformation of swelling gel tubes by elastic instability. (Intro)

A simple micro 3D printer is built using an off-the-shelf digital data projector in order to fabricate tubular gel samples with different dimensions. (C1)

Fabrication of the tubular gel samples is achieved by projecting a designed image onto the sample holder, which is immersed in a resin bath containing a prepolymer solution with photo-initiator and photo-absorber. Once a layer is formed by photo-polymerization, the sample holder drops and the next layer is fabricated on top of the previous one. In this way, 3D sample is fabricated in a layer-by-layer fashion. (C1)
Editors, please zoom into the yellow part of the figure on the right hand side labeled “polymer resin.”
 
Next, each sample is brought into contact with water in order to trigger shape transformation by swelling-induced elastic instability. (C2)
Editors, please zoom into the top portion of the C2 figure and move down to the bottom portion as “trigger shape transformation” is narrated.

Results show that circular tubes transform into various wavy patterns with different wave numbers depending on the geometry of gel buckling buckling gel. (C3)


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).   

[image: Macintosh HD:private:tmp:Figures.pptx-1.jpg]

B.  Interview: (Said by you on camera. Don’t forget to smile!)  

1.1. Howon Lee:  The main advantage of this fabrication technique over existing methods, like photolithography, is that it offers a rapid 3D micro-fabrication tool for soft materials such as gels.  As a result, various interesting 3D geometries that are difficult to make can be easily realized into physical objects for experimental study.
1.1.1. MED:  Howan speaks towards camera.


Protocol (read by voice talent at JoVE):

2. Setting up a desktop 3D printer using a digital data projector

2.1. To begin this procedure, prepare the prepolymer solution containing photo-initiator and photo-absorber as described in the written protocol.  Following solution preparation, place a digital data projector in a flat and stable position, and connect it to a computer with Microsoft PowerPoint installed.
2.1.1. MED-over the shoulder:  Talent labels the prepared prepolymer solution containing the photo-initiator and photo-absorber.
2.1.2. MED:  Talent places a digital data projector in a flat and stable position.
2.1.3. CU:  Talent connects the projector to a computer with powerpoint installed. 

2.2. Place a convex lens right in front of the beam output lens of the digital projector.  Choose a convex lens to make the focal plane about 10 cm away from the projector.  Optical resolution becomes smaller for a lens with shorter focal length, but one needs to reserve some space for optical components.
2.2.1. MED-over the shoulder:  Talent places a convex lens right in front of the beam output lens of the digital projector.  Match action in next shot.
2.2.2. CU:  Convex lens as talent places it right in front of the beam output lens of the digital projector.

2.3. Place a mirror after the convex lens on the beam path at a 45 degree angle to direct the beam straight down.
2.3.1. CU:  Mirror as talent places after the convex lens at a 45 degree angle.  Include the convex lens in the shot for orientation.

2.4. Then, place a sample holder at the focal plane of the projected beam.  The sample holder should be attached to a linear stage by which the vertical position of the sample holder is controlled. 
2.4.1. MED or MED-over the shoulder:  Talent places the sample holder in the projected beam.
2.4.2. CU:  Sample holder on the linear stage as talent demonstrates changing of its vertical position to get it in the focal plane of the projected beam.

2.5. Finally, place a resin bath underneath the sample holder. 
2.5.1. MED-over the shoulder or CU:  Talent places the resin bath underneath the sample holder.

3. Design and fabrication of gel tubes

3.1. To design the gel tubes, project an image with known pixel numbers onto the sample holder to measure the conversion ratio from a pixel to physical length. In this particular case, an image of 135 pixels measured 5.8mm, which corresponds to 43 μm/pixel. Based on this information, convert physical dimensions of the gel tube to fabricate diameter, wall thickness, and height into pixels.
3.1.1. MED-over the shoulder:  Computer screen as talent projects an image with known pixel numbers on the sample holder.
3.1.2. CU:  Sample holder as talent measures image.
3.1.3. MED-over the shoulder:  Notebook or computer screen as talent converts physical dimensions of the gel tube to fabricate diameter wall thickness and height into pixels.

3.2. Next, draw cross-sectional images for the gel tube.  The images should be in white with black background.  Insert these images into Microsoft PowerPoint slides.
3.2.1. SCREEN:  Screen capture movie as talent draws cross-sectional images for the gel tube in white with black background.  Talent inserts the images into Powerpoint.

3.3. Start slideshow in Microsoft PowerPoint and project any image.  Place the sample holder at the focal plane by adjusting the vertical position using the attached stage.
3.3.1. MED:  Talent starts the slideshow to project the image. 
3.3.2. CU:  Sample holder as talent adjusts to the focal plane using the attached stage.

3.4. Switch to a “dummy” black image so that there is no unwanted polymerization while adding in the prepolymer solution.
3.4.1. MED-over the shoulder:  Talent projects a “dummy” black image onto the sample.

3.5. Pour the prepolymer solution to the resin bath.  Fill the bath until the solution slightly covers the sample holder using a pipette.  Now it is ready to print the 3D object.
3.5.1. MED:  Talent pours the prepolymer solution to the resin bath.  Continue action in next shot.
3.5.2. CU:  Resin bath as talent fills until the solution slightly covers the sample holder.

3.6. [bookmark: _GoBack]Switch to the slide containing the first cross-sectional image of the gel tube to polymerize the first layer.  Keep projecting the image for 8 seconds, and then switch back to a “blackout” slide.
3.6.1. MED-over the shoulder:  Talent switches to the slide containing the 1st cross-sectional image of the gel tube.
3.6.2. CU:  Sample as the image is projected onto it and then turned off as the blackout slide is switched to.

3.7. Rotate the knob on the linear stage by one quarter turn, about 160 μm, to lower the sample holder. Now fresh resin flows in to cover the polymerized first layer. In case the liquid resin is too viscous to flow in, move the stage further down to completely immerse the fabricated layer in the resin and locate the stage back to 160 μm below the surface.
3.7.1. MED-over the shoulder: Talent rotates the knob on the linear stage by one quarter turn.
3.7.2. CU or ECU:  Sample as fresh resin flows in to cover the polymerized first layer.

3.8. Project the cross-sectional image again to polymerize the second layer on top of the proceeding one.  Repeat this process until the gel tube of the desired height is fabricated.
3.8.1. MED:  Talent projects the cross-sectional image again.
3.8.2. CU:  Sample as image is projected on the second layer.

3.9. Once all layers are complete, lift the sample holder out of the prepolymer solution, and retrieve the fabricated sample carefully using a razor blade.
3.9.1. MED-over the shoulder or MED:  After layers are complete, talent lifts the sample holder out of the prepolymer solution.
3.9.2. CU or ECU:  Fabricated sample as talent retrieves with a razor blade.

3.10. Rinse the sample in acetone for approximately 3 hours, and then allow it to dry for about 1 hour. 
3.10.1. MED:  Talent places the sample in acetone to rinse.
3.10.2. CU:  Sample as it is left to dry following acetone rinse.

4. Swelling experiment for prescribed pattern formation by elastic instability

4.1. To perform a swelling experiment, prepare a water-oil dual layer liquid in a transparent Petri dish.
4.1.1. MED:  Talent prepares a water-oil dual layer liquid in a transparent Petri dish.

 
4.2. Voice talent at JoVE: Please read highlighted rewritten section: Talent:  The water-oil interface, which is not visible, should be placed on the focal plane of the camera in order to clearly monitor the pattern transformation of the sample.  We adjust the location of the Petri dish carefully before the actual swelling experiment. Locate the water-oil interface at the focal plane of the camera by adjusting the position of the Petri dish.
4.2.1. MED:  Talent looks up from workspace and speaks toward camera.
4.2.2. CU:  Petri dish as its location is carefully adjusted.

4.3. Attach the dry sample on a sample holder using super glue.
4.3.1. CU:  Dry sample as talent attaches to sample holder using super glue.

4.4. Flip the sample holder so that the sample is upside down.  Immerse the sample in the water-oil liquid bath. 
4.4.1. MED:  Talent flips the sample holder so that the sample in upside down.
4.4.2. MED-over the shoulder:  Talent immerses the sample into water-oil bath.

4.5. Approach the sample to the water-oil interface from the oil layer.  The sample begins to swell when the sample touches the water surface, while the base substrate on which the gel tube is fixed stays in the top oil layer.  In this way, water can diffuse into the tube wall allowing the sample to swell before the constraining base relaxes by wetting.
4.5.1. CU:  Water-oil bath as talent approaches the sample to the water-oil interface from the oil layer.
4.5.2. ECU:  Water-oil interface as sample touches the water surface.

4.6. Proceed to monitor the pattern change as the gel tube swells using a digital camera.
4.6.1. MED-over the shoulder:  Talent takes a picture of the pattern change with a digital camera.
5. Results: Micro 3D printing using a digital projector
5.1. A simple projection micro-stereolithography system using an off-the-shelf digital data projector is shown here.  
5.1.1. LAB MEDIA:  4457_Fang_Figure1.tif
5.2. A convex lens with a focal length of 75 mm concentrates the beam into a small illumination area of 2 cm by 2 cm.  Resulting in-plane optical resolution is about 45 μm.  Vertical resolution is determined by the precision level of the linear stage.  Layer thickness of the structures made for this study is 160 μm.  Each layer was polymerized with 8 second light illumination. 
5.2.1. LAB MEDIA:  4457_Fang_Figure1A.tif  Editors, please transition to figure 1A by zooming into that image in figure 1.  Then, zoom into the convex lens (labelled “lens”) and then follow the blue light path across to the mirror and down to the polymer resin/stage.  At this point highlight the up and down arrow labelled “stage” to correlate with “the precision level of the linear stage.”  Then zoom back out to the full image. 
5.3. A representative 3D structure fabricated by the system is shown.  This object consists of 58 layers of PEGDA (pronounced “Peg-D-A”). 
5.3.1. LAB MEDIA:  4457_Fang_Figure1D.tif.  TEXT overlay:  PEGDA:  poly(ethylene glycol) diacrylate
5.4. A set of photo-curable PEGDA hydrogel tubes was designed and fabricated to achieve low crosslinking and therefore large swelling as described in the written protocol.  A sample was placed upside down in a water-oil bath as demonstrated in the video.
5.4.1. LAB MEDIA:  4457_Fang_Figure2A.tif.  TEXT overlay (as the 1st sentence is narrated): >300% volumetric expansion
5.5. Depending on the dimensional parameters, circular tubes either remained stable or transformed into a wavy pattern.  The dimension of the gel tube determines the number of waves emerging during swelling.
5.5.1. LAB MEDIA:  4457_Fang_Figure2B.tif
5.5.2. LAB MEDIA: 4457_Fang_Movie1.avi
5.6. The wide variety of swelling patterns of different samples was captured by a digital camera.  The vertical axis indicates stability as thickness over height, or t over h, and the horizontal axis indicates buckling mode as height over diameter, or h over D.  The white numbers indicate the buckling mode number, which is the number of waves along the circumference.
5.6.1. LAB MEDIA:  4457_Fang_Figure3A.tif
5.7. As shown here, the buckling mode of the unstable samples depends only on h over D, where the experimental result agrees well with theoretical prediction.
5.7.1. LAB MEDIA:  4457_Fang_Figure3B.tif



INSTRUCTIONS FOR AUTHORS:
Please ensure that the representative results narration is appropriate and correctly describes your images, movies, or figures.  Our editors have ensured that the results are written in our format.   

We consider this section a critical aspect of the video, because here is where you provide validation for your experiments.  For example, if this is a cell culture preparation, this section is where the video will show your cells at various time points following culturing.  If this is an imaging prep, then this part is where you will show examples of your imaging experiments.  

Please limit the extent of narration to no more than 2-3 lines of text per image or movie file being described.   Figures with multiple panels submitted with the original protocol should be broken up so that each panel is a separate image.   Like the schematic, each image or movie file supplied in the results should be referenced by annotation in parenthesis, however for the results, the specific filename should be given in parenthesis.  

Below is an example of results text:

EXAMPLE REPRESENTATIVE RESULTS

5.  Evaluation of Morpholino Injection and Knockdown
5.1   Representative results of both morpholino injection and mRNA injection are shown here. The    
        uninjected control at 48 hours post fertilization looks normal, as expected 
        -LAB MEDIA: 0123_PIname_Figure1.tif  (Replace 0123 with your jove video #)

5.2   However, embryos injected with the morpholino heg_e3i3_egfr1, which knocks down Heg isoforms
                     containing the first of two EGF-like repeats, exhibit brain edema.
	        -LAB MEDIA: 0123_PIname_Figure2.tif	

5.3   Injection of heart of glass mRNA also produced an obvious phenotype. At 24 hours post fertilization, 
        the heads of the uninjected controls look normal 
        -LAB MEDIA: 0123_PIname_Figure3.tif

5.4   Conversely, some of the embryos injected with the mRNA exhibit cyclopia     
                     -LAB MEDIA: 0123_PIname_Figure4.jpg

Please visit the following URL to see an example of how the results will look when complete:
http://www.jove.com/video/1597/results-example-mably?access=ksw0bprj



6. Conclusion (said by authors on camera)
6.1. Howon Lee:  We used the method in this video as a useful experimental tool for soft materials mechanics, but it will also find many applications in other fields of science and engineering including soft robotics and biomedical engineering.  Also, it is very simple and cheap; anyone can build up their own micro 3D printer in the lab by following the protocol presented in this video.
6.1.1. MED:  Howan speaks toward camera.


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.  

Insert your media filenames here.

Introduction – 4457_Fang_SchematicFig.tif – Conceptual schematic overview
5.1 – 4457_Fang_Figure1.tif – A desktop projection micro-stereolithography system
5.2 – 4457_Fang_Figure1A.tif – Schematic representation of a desktop micro 3D printer
5.3 – 4457_Fang_Figure1D.tif – A representative 3D structures (Lincoln Memorial)
5.4 – 4457_Fang_Figure2A.tif – Experimental setup for hydrogel tube swelling
5.5 – 4457_Fang_Figure2B.tif – Constrained hydrogel tubes transforming into different patterns
5.6 – 4457_Fang_Figure3A.tif – Various wavy patterns formed in the swelling experiment
5.7 – 4457_Fang_Figure3B.tif – Experimental result on buckling mode
5.5 – 4457_Fang_Movie1.avi – Circular tube transforming into a buckled pattern with 7 lobes (50 times fast playback)

Screen Capture Movie

4457_SCREEN_3.2.1:  Screen capture movie as talent draws cross-sectional images for the gel tube in white with black background.  Talent inserts the images into Powerpoint.

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.
 2011, Journal of Visualized Experiments
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