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Brief Questionnaire:
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) _N__ 

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


(If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.)
E.
i) Will the filming need to take place in multiple locations? (Y/N) _Yes, two locations five miles apart. 
1. Introduction 
A. Experimental Goal (read by voice talent at JoVE):
The overall goal of this video is to demonstrate the process of filling a cellular micro-cavity with molten metal for the fabrication of lattice metals by centrifugal casting.

B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Jaehyung Ju: This method can help answer key questions, such as how the process parameters, material properties of molten metal and geometry of lattice mold cavity are correlated with flow and solidification in rapid microcasting.
1.2. Jaehyung Ju:  This technique supplements direct 3D printing methods of metals in manufacturing lattice metals and expands the material selection in the design space of lattice metals.
1.3. James Thurman: Demonstrating the procedure will be Jiwon Mun, grad student from my laboratory.

1.3.1. Interview style: Author saying the above 

1.3.2. The named technician, post doc, student looks up from workbench or desk or microscope and acknowledges the camera.
Protocol (read by voice talent at JoVE):
2. Planning and Burn-Out
2.1. In preparation, draw a sacrificial pattern [1-WID] of an octet truss structure with a sprue system using computer aided design software.  [2-SCREEN]
Steps 2.1 through 2.3 were actually filmed.
2.1.1. establish talent working with computer, about to open CAD software
2.1.2. SCREEN: To be submitted by author – opening the CAD software and loading the octet truss

2.2. This integrated pattern of an octet truss structure with a sprue system gets melted during casting. [1-SCREEN]

2.2.1. SCREEN: To be submitted by author – spinning around the design showing the trusses and sprue system in detail

2.3. Using the CAD software, record the volume of the sacrificial pattern to calculate the required metal mass. [1-SCREEN/TEXT]

2.3.1. SCREEN: To be submitted by author – taking volume measurement of the pattern, TEXT: An STL file of the sacrificial pattern is provided.
2.4. After printing the acrylic model, proceed with the casting process, which is detailed in the text protocol.  [LM]

2.4.1. Fig 2A – two representative still images
2.5. The next step, is the melting-out of the support material. [LM]

2.5.1. Fig 2B – two representative still images before melting support materials
2.5.2. [added] Still Image  after melting support materials
2.6. Following this, the residue of support material is further removed. [LM]
2.6.1. Fig 2C – two representative still images
2.7. Then, the pattern is assembled. [LM]
2.7.1. Fig 2D – two representative still images
2.8. Following its assemble, an investment mixing process is performed [2.9.2-LM] to remove lumps in the investment-water mixture. [2.9.1-LM]
2.8.1. Fig 2E – two representative still images
2.8.2. Fig 3 – investment process timeline
2.8.3. [added] Vacuum apply
2.9. Next is the burn-out process.  To begin, set the time on the furnace according to the  [1-WID/TEXT] heating and cooling schedule. For a flask of this size, the burn-out will take 6 hours. [2-MED]

2.9.1. operating the furnace, to set temp and time, TEXT: See the timeline in the text protocol.
2.9.2. Loading mold in flask into the furnace, closing furnace door
2.10. Now, turn on the furnace and start the burn-out schedule. [CU]

2.10.1. turning on and starting, show instrument control of furnace

2.11. During the burn-out, the sacrificial pattern melts and dissociates into a gas. [CU]
2.11.1. opening the furnace after the burn-out and revealing what remains of the mold
2.12. Now, continue with the casting process [3.15.1] described in the next two sections. [4.4.2]
3. Centrifugal Casting: Part 1
3.1. Before beginning, ensure that the centrifugal casting machine’s arm [1.WID] spins with an angular velocity of 425 RPM. [2.MED] Find the setting needed for this speed using a tachometer. [3.CU]


3.1.1. setting up the casting machine for a test spin 

3.1.2. starting spin and operating the tachometer

3.1.3. display on tachometer climbing to a predicted speed

3.2. Once the casting arm speed is set, start warming up the machine. [MED]

3.2.1. turning on the machine and whatever else is done to warm it up
3.3. Select a ceramic crucible to melt each alloy. [CU]

3.3.1. selecting two crucibles from collection of crucibles
3.4. Using a metal cutter, [1.MED] chop the alloys into 10 mm to 20 mm pieces. [2.CU]

3.4.1. setting up with cutter and alloy

3.4.2. chopping metal into 10-20 mm chunks, show chunks
3.5. Chop up around 150 grams of each alloy, which in this case are Aluminum and Copper. [1.MED] 
3.5.1. weighing out 150 g of each metal
3.6. Now, weigh out the precise mass of each alloy needed for the lattice design. [1.CU]  The patterned cavity must be filled precisely to capacity with molten alloy. [2.CU]

3.6.1. weighing out precise mass of Al into mold cavity, pieces added and removed until correct mass is arrived at

3.6.2. weighing out precise mass of Cu into mold cavity, pieces added and removed until correct mass is arrived at
3.7. Now, get a bucket of water at room temperature ready.  Thirty liters is sufficient. [WID]

3.7.1. filling large bucket with water and hauling over to position

3.8. Next, put on flame retardant clothes and put on gloves and goggles. [WID]

3.8.1. film as written
3.9. Now, take the plaster mold temporarily out from the furnace. [MED]
3.9.1. removing plaster mold from furnace
3.10. Place it into the flask cradle of the centrifugal casting machine [1.CU] and balance the arm of the centrifuge. [2.MED]

3.10.1. setting mold into centrifugal casting machine cradle

3.10.2. adding weight to the opposite side of arm to balance mold's weight
3.11. Then, return the plaster mold back into the furnace and start heating the machine to 482 ºC. [MED]

3.11.1. returning mold to furnace and heating up the casting machine to 482 ºC
3.12. Meanwhile, place the crucible in the crucible holder [1.MED] and load the chopped alloy into the crucible. [2.CU]

3.12.1. film as written

3.12.2. loading alloy from mold cavity into crucible

3.13. Next, set up the acetylene torch.  Open the valve of the connected oxygen tank [1.WID] and maintain the gas pressure near 96.5 kPa or 14 psi. [2.CU]

3.13.1. checks connection between torch and gas tank

3.13.2. turns up pressure on gas tank, as written

3.13.3. [added] Add oxygen

3.14. Then, carefully ignite the torch and control the intensity of the flame [1.CU] with the gas pressure.  Be very careful; the flame gets up to 1,200 °C. [2.MED]

3.14.1. lighting the torch

3.14.2. turning up the flame on the torch using the gas

3.15. Now, carefully melt the chopped alloy in the crucible until it is completely liquefied.  [1.CU] Use a carbon rod to stir the alloy and melt it with the neutral part of the torch’s flame. [2.CU]

3.15.1. melting the alloy

3.15.2. stirring up the melting alloy
3.16. James Thurman: The proper melting of the metal is critical because if the metal is too cool, it will not fill the entire form and if it is too hot, the increased porosity of the metal will cause structural issues. [MED/WID]

3.16.1. interview with James
3.17. Now, take the pre-heated plaster mold from the furnace [1.MED] and load it into the flask cradle holding arm, next to the crucible with the molten alloy. [2.CU]

3.17.1. removing mold from furnace

3.17.2. loading mold into the holding arm, next to molten alloy
4. Centrifugal Casting: Part 2
4.1. Close the cover of the machine and let the arm spin for at least 3 minutes. [1.WID] The machine starts spinning automatically when the cover is closed. [2.MED]

4.1.1. closing centrifugal casting machine, it starts to spin 

4.1.2. machine increasing spin to max velocity

4.2. About 420 RPMs creates an inlet velocity at the mold cavity of 8.03 meters per second, as calculated by the macroscopic particle dynamics and the angular velocity. [LM]
4.2.1. Figure 5

4.3. After three minutes, cut the power to the centrifugal casting machine. [MED]

4.3.1. turns off power and arm starts to slow
4.4. Then, open the cover and, using tongs, [1.MED] remove the plaster mold from the flask cradle. [2.CU]

4.4.1. arm stopped, talent opens cover

4.4.2. removes mold from flask with tongs
4.5. Let the mold cool at room temperature for 15 to 20 minutes  [1.MED] until the color of the alloy returns to that of its solid phase. [2.ECU]

4.5.1. setting up the mold 

4.5.2. color of alloy returning to solid phase coloration, if there isn't time to show the metal cool (15 min) than just film the final color.  If we can film the whole process we can speed up the footage for the video, like a stop-motion sequence.
4.6. Then, using tongs, [1.CU] quench the plaster mold in the water bucket for about 5 minutes. [2.MED]

4.6.1. gripping the mold and lifting with tongs

4.6.2. dunking mold into water, record audio for steam/hiss sound

4.7. When the mold is near room temperature it is completely quenched. [MED]
4.7.1. checking the temperature of the mold using a non-contact thermometer
4.8. Now, to obtain the lattice metal inside the mold, just dissolve the mold in water. [1.CU] The gypsum mold will easily dissolve within a two minutes. [2.ECU]

4.8.1. setting mold into water bath to dissolve gypsum

4.8.2. removing the lattice from water bath with all the gypsum dissolving off

4.9. Post processing is now possible, such as cleaning by sand-blasting, [1.MED] which is described in the text protocol. [2.ECU]
4.9.1. blowing out the residual plaster from the lattice metal with the sandblaster 
4.9.2. open structure of octet truss with plaster residue removed 
4.10. Jiwon Mun:  Be sure to use described conservative sandblasting pressure as the molds are somewhat fragile, especially the aluminum octet truss, which has thin walls. [MED/WID]

4.10.1. interview with talent 
5. Results: Casted Metal Lattices 
5.1. Using the indirect additive manufacturing described in the protocol section, Aluminum and Copper alloys were used to manufacture octet truss metals.

5.1.1. Figure 1

5.2. The burn-out process was carried out for 6 hours to melt out the sacrificial pattern.

5.2.1. Figure 4
5.3. After the centrifugal casting process the final products were octet truss metals made with Aluminum and Copper alloys.

5.3.1. Figure 6

5.4. The molten aluminum alloy fully filled the entire lattice mold cavity without a mis-run.

5.4.1. Fig 6A

5.5. On the other hand, the molten copper alloy appeared to have a casting defect caused by premature solidification at the early stage of injection of molten metal at the inlet.

5.5.1. Fig 6B
6. Conclusion (said by authors on camera)
6.1. Jaehyung Ju: After watching this video, you should have a good understanding of the effect of process parameters on filing of molten metal into cellular micro-cavity during indirect fabrication of lattice metals using centrifugal casting.

6.2. James Thurman: After its development, this technique paved the way for researchers in the field of manufacturing of lattice metals to explore indirect fabrication by combining 3D printing of polymers with centrifugal casting.

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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