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Authors, please fill out the brief questionnaire below.   

A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? Y 
Can you record movies/images using your own microscope camera? Y
B.   Software Usage: Does your protocol include detailed, step-by-step, descriptions of software usage? N
C.  Which steps of your protocol will viewers benefit most from having filmed? 2.3, 2.4, 2.5, 3.2, 3.4, 4.3
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  3.2, 3.4
E.  Will the filming need to take place in multiple locations? YES
Section 3 of the script takes place in Room 117, ground floor
Part of section 4 takes place in the Furnace hall, ground floor
Section 2 and part of section 4 take place in Room 126, on the first floor


1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 

A. Experimental Goal: (read by voice talent at JoVE)

The overall goal of this additive manufacturing technology is to produce ceramic-based multi-material components with property gradients, for example dense to porous, conductive to non-conductive, or multi-color.

B. Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Steven Weingarten: This method can help to open the door for ceramic components to manifold applications, such as chemical reactors, surgery tools or customized luxury products. 
1.2. Uwe Scheithauer: The main advantage of this technique is that the deposition of the material happens selectively and the solidification occurs independently of the material properties.

C. Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Tassilo Moritz: We first had the idea for this method, when we thought about the adaptation of our multi-material know-how to additive manufacturing technologies.
D. Introduction of Demonstrator: N/A
E. Ethics title card: N/A

Protocol: (read by voice talent at JoVE)
2. The Thermoplastic Suspension for Thermoplastic 3D-printing
2.1. To make the thermoplastic suspension, first select the powders. [1-WIDE] Additive manufacture of black and white objects requires two powders. [1-MED] In this case, the choices are zirconia black-1 and zirconia white-1, which have comparable sintering temperatures. [3-CU-TXT] 
2.1.1. Talent at/approaching bench to begin work with powders
2.1.2. Talent at bench, creating/arranging samples of the two powders for display in the next shot
2.1.3. Powder samples displayed consistently with previous shot Filling powder into glass [TEXT: See text protocol for details.]
2.2. Obtain field emission scanning electron microscope images of both powders to characterize them with respect to particle shape and surface area. [1-LM] Here, the average particle diameter of the zirconia white particles is approximately four-tenths of a micrometer, as measured with a laser diffractometer. [2-LM] The zirconia black particles have an average diameter of half a micrometer. [3-LM] 
2.2.1. LAB MEDIA: Figure_2A.tif, Figure_2C.tif (Video editor: Please arrange these in order from left to right. It might be best to label them with the text “zirconia white-1” above “2A” and “zirconia black-1” above “2C”)
2.2.2. LAB MEDIA: Figure_2A.tif, Figure_2C.tif (Video editor: Please call attention to “2A” during this shot) (Author Comment: We are sitting at the FESEM and see powder on the PC display. Can we use this scene as a transition? Then the Lab Media recordings can be displayed) (Editor: Not sure if this is possible, with how the next step is put together. If it is possible to do as the author requests, please do so)
2.2.3. LAB MEDIA: Figure_2A.tif, Figure_2C.tif (Video editor: Please call attention to “2C” during this shot)
2.3. Move on to prepare the suspensions in a heatable dissolver. [1-WIDE] Prepare each suspension separately with the dissolver at 100 ºC by melting a mixture of paraffin and beeswax. [2-MED-TXT]  Before continuing, check the vessel to ensure that melting is complete. [3-CU] Once melting is complete, homogenize the polymer mixture. [2-MED] Next, reduce the speed of the resolver disc. Then, over several steps, slowly add one of the zirconia powders so it becomes 40 percent of the mixture by volume. [3-MED]
2.3.1. Talent getting into position at the dissolver
2.3.2. Talent at the dissolver, adding paraffin and beeswax [TEXT: Ingredient ratios vary with application]
2.3.3. Contents of dissolver vessel to demonstrate melting is complete
2.4. After melting the paraffin, beeswax, and other chemical components, homogenize the polymer mixture. [1-MED] Next, reduce the speed of the dissolver disc. Then, over several steps, slowly add one of the zirconia powders so it becomes 40 percent of the mixture by volume. [2-MED]
2.4.1. Talent at the dissolver, starting and continuing homogenization of the mixture
2.4.2. Talent slowing the mixing speed, then adding zirconia powder to the dissolver
2.5. Stop when the powder content is 40 percent by volume, the target value for both the black and white suspensions. [1-CU] Then, stir the powder-polymer mixture for two hours at 100 ºC. [2-MED-TXT] After stirring, ensure the mixture is homogenized before proceeding. [3-CU]
2.5.1. The mixture after the correct powder content is achieved
2.5.2. Talent setting up and starting stirring of mixture [TEXT: Stir 2 hours at 100 ºC]
2.5.3. The mixture after stirring to demonstrate its state (Author Comment: Two possibilities: I pour the finished suspension into a container, or I use a spoon and scratch the suspension into a container) (Editor: It is not clear what the author intended in the comment, or what they filmed here)
2.6. As they are created, characterize each molten suspension using a rheometer. [1-WIDE-TXT]  Plot the dynamic viscosity as a function of the shear rate for different temperatures. [2-LM] These data are for zirconia black-1 and zirconia white-1 at two different temperatures. [3-LM]
2.6.1. Talent at a rheometer, conducting a test [TEXT: shear rates: 0–5000/s; temperatures: 85–110 ºC]
2.6.2. LAB MEDIA: viscosity_1.tif (Video editor: Please call attention to the axis labels when they are mentioned)
2.6.3. LAB MEDIA: viscosity_1.tif (Video editor: Please call attention to the key during this shot)
2.7. For a given suspension and temperature, make sure the dynamic viscosity is below 100 Pascal-seconds for a shear rate of 10 per second... [1-LM] below 20 Pascal-seconds for a shear rate of 100 per second… [2-LM] and below 1 Pascal-seconds for a shear rate of 5000 per second. [3-LM] If necessary, alter the dynamic viscosity by increasing the temperature or adding polymer mixture. [4-LM-TXT]
2.7.1. LAB MEDIA: viscosity_1.tif (Video editor: Please place a horizontal bar centered at the point labeled by 10 on the horizontal axis and 100 on the vertical axis, or in some way indicate the curves should be below 100 on the vertical axis when they are at 10 on the horizontal axis)
2.7.2. LAB MEDIA: viscosity_1.tif (Video editor: Please repeat what was done in the previous figure, but with the horizontal bar centered at 100 on the horizontal axis and 20 on the vertical axis [the next, faint horizontal line above the 10])
2.7.3. LAB MEDIA: viscosity_1.tif (Video editor: Please repeat what was done in the previous figure, but with the horizontal mark centered at 5000 on the horizontal axis [the 4th vertical line after 1000] and 1 on the vertical axis)
2.7.4. LAB MEDIA: viscosity_1.tif [TEXT: See text protocol for details]
3. Manufacture of Single and Multi-material Components
3.1. Begin working with the thermoplastic 3D-printing device. [1-WIDE] This drawing depicts the device’s three micro dispensing systems, which can work simultaneously or individually. [2-LM] Also depicted is the profile scanner used to help characterize the printhead output. [3-LM]
3.1.1. Talent at the printing device, beginning preparation for using it
3.1.2. LAB MEDIA: “Fig. 01_Schema T3DP.tif” (Video editor: Please draw attention to the three “canisters” and attached symbols that roughly centered on the red rectangle in the image during “and three micro dispensing systems”)
3.1.3. LAB MEDIA: “Fig. 01_Schema T3DP.tif” (Video editor: Please draw attention to the symbol at right, with the red circle on it)
3.2. This is the thermoplastic 3D printhead as it appears in the printing system. Select two of the dispensers to use. [1-CU] For black-and-white additive manufacturing, add the black suspension to one dispenser and white suspension to the other. [2-MED] When ready, experiment by varying the deposition frequency, the axes speeds, and other parameters for single droplets and droplet chains. [3-MED-TXT][4-CU] 
3.2.1. The thermoplastic 3D printhead. Consult authors about the possibility of showing it from same perspective as Figure 1 in their manuscript
3.2.2. Talent adding the materials for additive manufacturing
3.2.3. (This may be a WIDE) Talent at printer control computer, if possible, with the printer in the shot (especially if there is obvious activity). If the screen is visible, it should have a screen relevant to adjusting the deposition frequency and axis speed. [TEXT: maximum deposition frequency: 100/s; maximum speed: 20 mm/s]
3.2.4. Additional shots of single droplets and droplet chains on the printer bed, if possible (Video editor: These might be used in conjunction with 3.2.3)
3.3. Employ the profile scanner, which uses a blue laser, to collect data to characterize the output. [1-CU] Identify dispensing parameters so the droplets of both materials have the same characteristics. [2-LM] Adjust the distance between single droplets to avoid differences in the heights for different materials. [3-LM] 
3.3.1. A row of dots or chain in the printer as it is being scanned by a blue laser. Please consult the authors.
3.3.2. [bookmark: __DdeLink__714_3675467021]LAB MEDIA: scan1 (Authors: Please provide an image that is representative of scanning data to demonstrate droplet characteristics. This could be the left image or set of images on the right from your revisions to the draft script, [180507_57538_Scheithauer_script_020918.doc], below step 3.3 [also, Figure 6 in JoVE_T3DP_SW.pdf], or something similar. Upload the file with the name “scan_1” to this site. The higher the resolution, the better.)
3.3.3. LAB MEDIA: scan1, scan2 (Authors: Please provide another image that is representative of scanning data to demonstrate droplet characteristics. This could be the unused image(s) from your revisions to the draft script, again, below step 3.3, or something similar. Upload the file with the name “scan_2” to this site. The higher the resolution, the better.) (Video editor: Please show these images next to one another.)
3.4. Here are examples of single droplets and droplet chains produced with different parameters and using both black and white suspensions. Review the output of a range of parameters for shape, volume, and homogeneity. [1-CU][2-CU] 
3.4.1. An overview of a series of single droplets and droplet chains on a surface. Please consult the authors. (Authors: I have in mind something similar to the series of drops and chains that you showed in the image below step 3.2 in your revisions to the draft script, file 180507_57538_Scheithauer_script_020918.doc. This can be prepared in advance.)
3.4.2. A closer shot of some of the droplets and/or droplet chains (Video editor: This is an optional shot that could be used along with 3.4.1 or separately with the second sentence of narration.)
3.5. After determining the print parameters, decide on the desired part. [1-WIDE-TXT] Use a generated 3D model of the part and save the model’s file in an additive manufacturing format. [2-LM-TXT] In slicer software, assign the two materials to the different component areas by allocating the corresponding microdispensing system. [3-LM] 
3.5.1. Talent at computer [TEXT: See text protocol regarding test samples]
3.5.2. LAB MEDIA: demonstrator.tif [TEXT: Save in AMF or STL format.]
3.5.3. LAB MEDIA: slicer (Authors: Please provide an image that depicts how the two materials will be used in the part. I believe this will look like the image in JoVE_T3DP_SW_2.pdf. Ideally, it would be at a similar perspective as the image in demonstrator.tif. Use the file name “slicer” and upload it to this site.) (Video editor: If the images in demonstrator.tif and “slicer” are similar in their perspective, it may be a good idea to show this image next to demonstrator.tif)
3.6. Generate and upload the g-codes to the printer. [1-MED] Ensure the parameters are set and start the job. Printing this piece will take about an hour at 8 millimeters per second. [2-CU] Recover the sample when the building process is complete. [3-MED] At this point, the sample is ready for debinding [4-CU]
3.6.1. Talent at computer/printer, preparing to start job
3.6.2. The output of the printer as it begins. Record the first 30 seconds or so.
3.6.3. Talent getting the sample from the printer
3.6.4. Detail of the sample to show its appearance after manufacture
4. Co-debinding and Co-sintering of Multi-material Components
4.1. Take the sample to prepare it for debinding. [1-WIDE] Place the sample in a coarse-grained alumina powder bed for support and temperature distribution. [2-CU] Next, put the powder bed with the sample into an air-atmosphere furnace and set the heating and cooling program to ensure a defect-free debinding.  [3-WIDE-TXT]
4.1.1. Talent at bench getting sample and powder bed ready for next step 
4.1.2. Sample as it is placed in the powder bed
4.1.3. Talent placing the powder bed and sample into the oven. This can include closing oven and checking/setting heating and cooling program [TEXT: Heat: 4 K/h, 20 ºC to 270 ºC; cool 3 K/min, 270 ºC to 20 º] 
4.2. Retrieve the sample when it is at room temperature, and continue with the next steps. [1-WIDE] Remove the sample from the bedding powder. Then, carefully remove any remaining bedding powder with a fine brush. [2-CU] For a second debinding, place the sample on alumina kiln furniture. [3-CU]
4.2.1. Talent arriving at bench with sample in powder bed
4.2.2. Sample as it is being removed from powder bed. Continue to record sample being cleaned/brushed
4.2.3. Sample being placed on alumina kiln furniture
4.3. Return to the air-atmosphere oven and use a more rapid heating rate and the same cooling rate for the sample. [1-WIDE-TXT] After cooling, take the sample to an air-atmosphere sintering furnace. Sinter the sample at 1350 ºC for 2 hours. [2-WIDE]
4.3.1. Talent placing sample into oven [TEXT: Heat: 12 K/h 20 ºC to 900 ºC; cool 3 K/min to 20 ºC]
4.3.2. Talent placing sample into sintering furnace [TEXT: Heat: 180 K/h to 1350 ºC; cool 3 K/min to 20 ºC]
4.4. This is the manufactured piece at the end of the debinding and sintering steps along with its 3D model. Use a 3D scanner to characterize component shrinkage, which should be about 20% in each direction. [1-CU][2-LM]
4.4.1. The final manufactured piece
4.4.2. LAB MEDIA: Computer model of the piece (Video editor: Please show this image alongside the previous shot
5. Results: Characterization of Multimaterial Zirconia Components
5.1. [bookmark: _GoBack]Perform further characterization on cut and polished printed samples. This field emission scanning electron microscopy image is of the cross-section at the planar interface between sintered zirconia white-1 and zirconia black-1. [1-LM] Obtain more information with energy-dispersive X-ray spectroscopic analysis of the two regions. [2-LM] On searching for peaks associated with alumina, the results indicate that more alumina crust occurs in zirconia black-1. [3-LM]
5.1.1. LAB MEDIA: Figure_6a.tif (Video editor: Please highlight the upper part of the image during “zirconia white-1” and the lower part during “zirconia black-1”. Note that the boundary between the two regions is roughly at the middle of the image.) (Author Comment: Additional scene: We sit at FESEM and look at the microstructure of the black and white sample) (Editor: It is not clear if the authors added a scene or changed what was shown here. If an additional scene was provided, it does not need to be used since the LAB MEDIA should be the focus here)
5.1.2. LAB MEDIA: Figure_6a.tif,  Figure_6b.tif,  Figure_6c.tif (Video editor: Please associate “6b” with the upper region bounded by a rectangle in “6a” and “6c” with the lower region.)
5.1.3. LAB MEDIA:  Figure_6b.tif,  Figure_6c.tif (Video editor: Please bring these images to the foreground, making certain the viewer knows which one corresponds to the white and black region of “6a” [“6a” can remain on screen, if necessary] Please in some way call attention to the part of each curve that is below the label “Al”. In ‘6c” there is a slight bump.)
5.2. These measurement points are within the zirconia black region [1-LM] Their composition is revealed with energy-dispersive X-ray spectroscopy. [2-LM]  The spectra from this more detailed analysis shows the zirconia black microstructure has alumina precipitate. [3-LM]
5.2.1. LAB MEDIA:  Figure_6d.tif
5.2.2. LAB MEDIA: Figure_6d.tif, Figure_6e.tif, Figure_6f.tif, Figure_6g.tif (Video editor: Please associate the images “6e”, “6f”, and “6g”  with the points labeled measurement points  3, 4 and 5, respectively)
5.2.3. LAB MEDIA:  Figure_6e.tif (Video editor: Please bring this image to the foreground and call attention to the peak labeled “Al” in the curve)

6. Conclusion (said by authors on camera)
6.1. Steven Weingarten: Once mastered, this technique can change the way of designing and using ceramic components.
6.2. Uwe Scheithauer: While using this procedure, it’s important to remember that it is a shaping technology for green bodies, which have to be debinded and sintered to achieve the final properties.
6.3. Tassilo Moritz: After watching this video, you should have a good understanding of how to manufacture ceramic-based multi-material components additively.

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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