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A.
i) Does your protocol involve microscopy, such as filming a complex dissection or a microinjection technique, which will need to be filmed by JoVE? (Y/N)  No 
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?  
Found steps are in italics.
Authors, these steps were indicated but not listed in 53805_R1_RE.doc: 3.12, 3.14, 5.5
We accidently chose step numbers from the final submitted version, not 53805_R1_RE.doc. The correct steps are: 3.7 (previously 3.12), 3.8 (previously 3.14), and 5.2 (previously 5.5).

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


Adhesive application timing and consistency.  We listen to a metronome to have consistent timing.
These steps are underlined.
E.
i) Will the filming need to take place in multiple locations? (Y/N) Yes, adjacent Buildings. All experimental procedures will be filmed in one lab; however, we might move to a quite office space for filming any commentary.
1. Introduction (Experimental Goal and Author Interviews) 
A. Experimental Goal (read by voice talent at JoVE)
The overall goal of this technique is to create planar and nonplanar three-dimensional paper microfluidic devices that are able to be unfolded during construction and after use, through the patterning of aerosol adhesive. 

B.  Interview (Said by you on camera. Don’t forget to smile!)
2.1. Hideaki Tsutsui: This method opens up a brand new design space for paper microfluidics to explore nonconventional device designs by removing constraints which previously kept researchers from fabricating out-of-plane channel networks. 
2.2. Brent Kalish: The primary advantages of this technique are that it significantly reduces the amount of adhesive applied during the fabrication of paper microfluidic devices and that it enables the construction of nonplanar three-dimensional paper microfluidic circuits.
Protocol (read by voice talent at JoVE):
2. Construction of a Planar 4-Layer Device
2.1. First, print an array of each layer for the device onto filter paper using a solid ink printer. [LM]

2.1.1. 53805_Tsutsui_4_Layer_Stacked_Layer_1.pdf

2.1.2. 53805_Tsutsui_4_Layer_Stacked_Layer_2.pdf

2.1.3. 53805_Tsutsui_4_Layer_Stacked_Layer_3.pdf

2.1.4. 53805_Tsutsui_4_Layer_Stacked_Layer_4.pdf

Video editor: fade through the various images 

2.2. Place each filter paper on a hotplate at 170 °C for two minutes [2.2.1-MED] to melt the wax-based ink and allow it to fully penetrate into the paper, [2.2.2-ECU] forming hydrophobic barriers. [2.2.3-MED] 

2.2.1. Placing paper on hot pate

2.2.2. detail of ink on paper, show any change as it heats up

2.2.3. removing paper for plate, placing next piece on plate

2.3. Once the paper has cooled, put a different dye color in each of the branches of layer three using a micropipette. [2.3.1-MED] 4 µL aliquots of 5 mM dyes will suffice. [2.3.2-ECU]

2.3.1. aliquoting and loading one dye color

2.3.2. applying a different dye color to paper

2.4. Now, begin the construction. [2.4.1-MED] First, clamp the bottom-most layer between the stencil and a stiff backing, such as a piece of plate glass.   [2.4.2-CU]

2.4.1. establish talent with all required parts for construction at the ready

2.4.2. clamping layer as described

2.5. Ensure that the stencil is flat against the paper to minimize spray shadows. [ECU]

2.5.1. angle on the flatness of the paper against the backing

2.6. Then, set a metronome to 180 BPM and spray adhesive from approximately 24 cm away, [2.6.1-MED] for four beats. Move the can across the stencil in four, even motions. [2.6.2-CU]

2.6.1. setting and starting metronome – record audio – preparing to spray Author requests do not show metronome if possible
2.6.2. spraying adhesive – record audio

2.7. If the can is moved too slowly, the adhesive will [2.7.1-CU] accumulate on the stencil itself, clogging the stencil. [2.7.2-ECU]

2.7.1. performs spraying a stencil too slow

2.7.2. too much adhesive on stencil

2.7.3. [added] Too much adhesive on stencil, formerly 2.7.2

2.8. If the can is moved too rapidly, [2.8.1-CU] not enough adhesive will be applied. [2.8.1-ECU]

2.8.1. performs spraying a stencil too fast

2.8.2. too little adhesive on stencil Too little adhesive difficult to capture visually
2.9. Next, remove the stencil and position the next layer of the device [2.9.1-MED] over the freshly sprayed layer, carefully align them at the edges.  Firmly press the layers together.  [2.9.2-ECU]

2.9.1. removing stencil and setting it down to align next layer onto it

2.9.2. aligning and pressing next layer onto adhesive-sprayed layer
2.10. Then, spray the adhesive again. [2.10.1-MED] Continue this process until all the layers are tightly adhered. [2.10.2-CU]

2.10.1. setting up 2-layers to be sprayed with adhesive

2.10.2. spraying 2-layers of paper

2.11. Onto the 4-layer stack, stick a strip of packing tape [2.11.1-MED] across the bottom layer to prevent fluid from leaking out.  [2.11.2-CU]

2.11.1. setting up 4-layer device to tape bottom edge
2.11.2. applying tape to the bottom edge
2.12. Then, individual devices can be cut from the stack, following the printed pattern. [ECU]

2.12.1. cutting out a device from assembled stack
2.12.1A [added] Talent removes device from mat
3. Construction of a Nonplanar (Origami) Device
3.1. Like the previous procedure, print the device onto filter paper using a solid ink printer and melt the ink on a hot plate at 170°C for two minutes. [3.1.1-LM] [3.1.2-LM]
3.1.1. 53805_Tsutsui_Figure_2A.tif 

3.1.2. 53805_Tsutsui_4_Layer_Origami.pdf  
3.2. For this procedure, also print the crease pattern in the same manner, but on regular printer paper. [LM]

3.2.1. 53805_Tsutsui_Figure_2B.tif

3.3. Once the prints have cooled, [3.3.1-MED] align the lines of the crease pattern to the [3.3.2-CU] edges of the channel patterns. Then, secure them using tape. [3.3.3-ECU]

3.3.1. establish talent with prepared papers

3.3.2. aligns edges as described

3.3.3. show channel patterns in detail and applying clips

3.4. Next, trace the crease pattern with a blunt stylus. [3.4.1-MED] Apply enough force to mark the device sheet, but do not tear the paper.  If a tear occurs, start over. [3.4.2-CU] This pre-creasing technique increases the accuracy and precision of the folding. [3.4.3-ECU]

3.4.1. starting the traces [3.4.1 – 3.4.3 tk3 has additional wide shot at end of take]
3.4.2. continuing the traces

3.4.3. finishing the traces

3.5. Now, begin folding the device using mountain and valley folds [3.5.1-CU] according to the crease pattern. Folding before application of the adhesive [3.5.2-ECU] helps speed the device assembly.  [3.5.3-CU]

3.5.1. first fold

3.5.2. second fold 

3.5.3. final fold(s)

3.6. Once folded, unfold it to expose the portions that require adhesive. [CU]

3.6.1. film as written

3.7. Then, with a blade, cut out masks to limit where adhesive will get applied. [3.7.1-CU] [3.7.2-LM]

3.7.1. film as written

3.7.2. 53805_Tsutsui_Figure_2D.tif

3.8. Now, clamp the device flatly between the stencil with the mask and a stiff backing. [CU]

3.8.1. film as written

3.9. Use a metronome to time out 1.3 seconds and apply the adhesive as before.  [MED]

3.9.1. spraying adhesive onto paper, show hand motion, distance to paper and use of metronome

3.10. If the ambient humidity is low, apply the adhesive in a humidity controlled area [3.9.1-MED] so the adhesive doesn’t dry too quickly. [3.9.2-MED]

3.10.1. setting up to spray adhesive with humidity control

3.10.2. spraying the adhesive, as 3.9.1, but different location

3.11. Next, remove the stencil and mask and turn the sheet over. [CU]

3.11.1. remove the stencil, removes the mask, sets up back side of sheet to be sprayed.

3.12. Then, spray the back side of the paper in the same manner.

3.12.1.   Sprays adhesive on back side, using metronome, etc.

3.13. Immediately remove the device from the stencil and begin folding the device. [MED]

3.13.1. film as written

3.14. Once the device is completely folded, [3.14.1-CU] apply continuous pressure to the adhesive-containing portion until it has dried. [3.14.2-MED]

3.14.1. finishing folding 

3.14.2. applying pressure manually or with clamps
4. Wicking Tests 
4.1. To perform a wicking test on the 4-Layer devices, randomly select 20 devices. [WID]

4.1.1. setting up selected devices

4.2. Place the devices where they are shielded from air currents to minimize evaporation. [MED]

4.2.1. proceeding to set up the selected devices

4.3. Then, deposit 40 µL of water at the inlet of each device. [ECU]

4.3.1.  applying water to inlet of one device

4.4. Record the time it takes for each device [4.4.1-MED] to have all of its outlets completely filled with dye. [4.4.2-CU]

4.4.1. talent observing device(s) and recording time

4.4.2. show outlet complete filling with dye

4.5. For the origami devices, compare two origami peacocks: [4.5.1-MED] one made as previously described [4.5.2-CU] and the other made without using the stencil while applying the adhesive. [4.5.3-CU]

4.5.1. setting up the two peacocks [4.5.2 – 4.5.3 only 1 take, additional footage at end]
4.5.2. detail of previously made peacock

4.5.3. details of other peacock, made without stencil

MOVE 4.7 HERE
4.6. Under controlled relative humidity, above 90%, [4.6.1-CU] place each leg and the paper lead of each peacock into a container filled with 5 mM dye. [4.6.2-CU]

4.6.1. placing leg of 1st peacock in water

4.6.2. placing leg of 2nd peacock in water.

4.7. Then, insert one end of a small paper lead into the body of the peacock [4.7.1-CU/TEXT] and the other into a container of differently colored dye, at 5 mM. [4.7.2-CU]

4.7.1. film as written, TEXT: 5 mm x 5 cm

4.7.2. placing other end of lead in dye

4.8. Record the wicking process with a digital camera. [MED]

4.8.1. setting up the camera to record the data 
5. Results: Effect of Adhesive Application on Wicking Time and Success in 4-layer and Folded Microfluidic Devices
5.1. Average wicking times and success rates for 4-layer devices constructed with different amounts of applied adhesive were compared.  Uniform adhesive coverage resulted in relatively high success rates that decreased with increasing quantities of adhesive.  

5.1.1. Table 1

5.2. Success rates were also much higher with faster wicking times when the patterned adhesive was applied to both sides, than only one side.

5.2.1. 53805_Tsutsui_Figure_3A.tif

5.3. Failures occurred more frequently when adhesive was only applied to one side. Typical stacked device failure was characterized by outlets that failed to completely fill with dye, or took longer than 5 minutes to fill.

5.3.1. 53805_Tsutsui_Figure_3B.tif

5.4. In origami folded devices, device failure was characterized by outlets that failed to fill with any amount of dye. These outlets were exclusively located along the two edges of the device that contained the creases. 

5.4.1. 53805_Tsutsui_Figure_3C.tif 

5.5. By doubling the size of the border around the channels, the success rates for both single- and dual-sided adhesive applications increased.

5.5.1. 53805_Tsutsui_Figure_4.tif 

5.6. Both methods of adhesive application resulted in devices that successfully routed liquid the length of their channels and without mixing; however, the device with uniformly applied adhesive was noticeably slower.

5.6.1. 53805_Tsutsui_Movie_1.avi 5-6-1_ Tsutsui_Movie_1.avi
6. Conclusion (said by authors on camera)
6.1. Brent Kalish: Once mastered, this technique can be performed in as little as five minutes, depending on the device complexity. Devices with involved folding procedures will take more time.
6.2. Brent Kalish: While attempting this procedure, it’s important to ensure even and consistent adhesive application. Do note that aerosol adhesives should be applied only in well-ventilated areas.

6.3. Brent Kalish: After watching this video, you should have a good understanding of how to apply and use patterned adhesives to construct planar and nonplanar 3D paper microfluidic devices. 

6.4. Hideaki Tsutsui: This technique is expected to allow researchers in the field of paper microfluidics to explore the use of non-planar structures to achieve functionality not previously found in planar devices, such as integrated actuation and sensing.
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, .eps, 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.

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 are included in the email accompanying the finalized script.
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