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[bookmark: BackToTop]A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N 
B.  Software: Does your protocol include detailed, step-by-step instructions involving computer-controlled instrumentation or other software? (Y/N) Y (Usage of Admaflex printer to manufacture the components.)
[bookmark: BackToQues]C.  Procedure Highlights: Of the steps to be filmed, which will viewers benefit most from seeing?
Steps 2.5, 2.9, 3.4, 3.5, 3.7 (Steps 2.5 and 2.9 have already been filmed.)
D.  Critical Steps: What is the single most difficult aspect of this procedure?
Steps 3.5, 3.7 (Avoiding errors during printing, use of common suspensions, defect-free debinding and sintering.)
E.  Filming: Will filming need to take place in multiple locations? (Y/N) Y*
*It would be great to realize some filming at IKTS Dresden, Germany and some at Admatec, the Netherlands. Suspension preparation and rheological characterization (Section 2) can be filmed at IKTS in combination with the filming for the two other manuscripts and the used technology and the device (Section 3) should be filmed at Admatec.
If yes, how far apart are the locations? Approximately 700 km (Dresden, Germany and Moergestel, The Netherlands)

Videographer: Section 2 of this script and the interview statements given by Eric Schwarzer have already been filmed. This shoot will cover Section 3 (3.1-3.7) and the interview statements given by Pablo Gonzalez (1.2 and 5.1).



[bookmark: Introduction][bookmark: _Hlk513362273]1. Introduction (Opening Author Interviews)
[bookmark: IntroStatements]A.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Eric Schwarzer: Additive manufacturing of functionally graded ceramic materials by using lithography-based technologies can help to develop innovative function-optimized medical implant components. (This statement has already been filmed.)
1.2. [bookmark: _Hlk530216400]Pablo Gonzalez: The main advantage of this technology is its high resolution. The fabrication of ceramic components using stereolithography-based methods delivers high precision and high-density parts.
Authors: Part of the second interview statement has been moved to the conclusion to accommodate word count limits on interview statements and to avoid commercial language in the introduction.

[bookmark: Protocol]Protocol (Spoken by voice talent at JoVE.)
2. Ceramic Suspension Preparation
Videographer: This section has already been filmed. Please skip to section 3.
2.1. For this procedure, use high-purity ceramic powders with a mean particle size of less than 0.5 µm, a narrow particle size distribution, and a specific surface area of about 7 m2/g (square meters per gram). [1-MED-TXT]
2.1.1. Talent measures out the desired amount of ceramic powder on a balance. (TEXT: Characterize powders before use. See text for details.)
2.2. In a grinding bowl, combine the powder and absolute ethanol in an 80:20 (eighty-to-twenty) mass ratio. [1-MED-TXT] Add 1- to 2-mm-diameter (one- to two-millimeter-diameter) mill balls in an equal mass to the powder. [2-CU]
2.2.1. Talent adds the ceramic powder and pre-measured absolute ethanol to the grinding bowl. (TEXT: Grinding bowl and mill balls must be the same material as the powder.)
2.2.2. Talent adds the mill balls to the grinding bowl.
2.3. Then, add between 0.5 to 2 wt.% (percent by weight) of dispersing agent, depending on the quantity of powder. [1-ECU-TXT] Mill the mixture for 2 hours at 250 rpm (R-P-M) in a planetary ball mill. [2-MED] Afterwards, remove the mill balls using a sieve with 500-µm openings. [3-MED]
2.3.1. Talent adds the dispersing agent to the grinding bowl. (TEXT: Dispersant: Polar acid ester of long-chain alcohols; 0.5-2.0 wt.% relative to powder)
2.3.2. Talent secures the grinding bowl in the planetary ball mill and starts the ball mill.
2.3.3. Talent pours a powder-ethanol suspension that has already been milled for 2 hours in an identical grinding bowl through a sieve to recover the milling balls, with the suspension falling into a porcelain dish under the sieve.
2.4. Let the suspension dry at room temperature in a fume hood for 12 hours, [1-MED] and then dry it further at 110 °C for 24 hours. [2-WIDE]
2.4.1. Talent moves the suspension-filled porcelain dish to the center/back of the fume hood to dry and turns off the fume hood light to represent leaving it for 12 hours.
2.4.2. With an identical dish containing dry functionalized alumina now in the fume hood in place of the suspension-containing dish, talent picks up the dish, brings it to the stove dryer, and puts the tray in the stove dryer.
2.5. Grind the dry material through a sieve with mesh openings of 100-500 µm (one hundred to five hundred micrometers) [1-MED] to obtain the deagglomerated (dee-uh-glom-uh-rey-ted /ˌdiː əˈglɒm əˌreɪ təd/), functionalized (fungk-shuh-nul-ized /ˈfʌŋk ʃə nlˌaɪzd/) powder. [2-CU]
2.5.1. Talent grinds oven-dried material through a sieve using a mortar.
2.5.2. A close-up view of functionalized powder in a glass/plastic container.
2.6. Next, in the can of a high-speed planetary ball mill, mix together a photoinitiator (pho-toe-ih-nih-she-ey-tur /ˌfoʊ toʊ ɪˈnɪ ʃiː eɪ tər/) activated at the wavelength used in the printing device, organic crosslinkers and binders, and a plasticizer (pla-stih-sigh-zer /ˈplæ stɪ saɪ zər/). [1-MED-TXT]
2.6.1. Talent adds the photoinitiator, crosslinkers, binder, and plasticizer to the ball mill can. (TEXT: See text for recommended compositions.)
2.7. Add five to ten mill balls made of the ceramic material with diameters of 5-10 mm (five to ten millimiters). [1-CU] Homogenize (huh-mawj-uh-nize /həˈmɒʤ əˌnaɪz/) the mixture for 4 minutes at 1,000 rpm. [2-MED]
2.7.1. Talent adds 5-10 mill balls to the can.
2.7.2. Talent secures the can on the high-speed ball mill and starts the ball mill at 1,000 rpm.
2.8. Then, introduce the powder to the mixture [1-CU] and homogenize it for 4 minutes at 1,000 rpm, 45 seconds at 1,500 rpm, and 30 seconds at 2,000 rpm. [2-MED-Over shoulder] Cool the can with water afterwards. If the mixture appears inhomogeneous, repeat the process. [3-MED]
2.8.1. Talent adds the pre-weighed powder to the mixture in the ball mill can.
2.8.2. Talent configures the ball mill to run for 4 minutes at 1,000 rpm, 45 seconds at 1,500 rpm, and 30 seconds at 2,000 rpm.
2.8.3. Talent cools the outside of a sealed can with water.
2.9. Next, place about 1 mL of the ceramic-filled resin slurry on the plate of a rheometer (ree-om-ih-tur /riˈɒm ɪ tər/) configured for a rotational test. [1-MED] Increase the shear rate from 0.1 to 1,000 s-1 (zero-point-one to one thousand reciprocal seconds) at a constant temperature of 20 °C while measuring the torque (tork /tɔːrk/). [2-MED-Over shoulder]
2.9.1. Talent uses a spoon to place approximately 1 mL of resin suspension on the plate of the rheometer.
2.9.2. An over-shoulder view of the rheometer computer interface as talent sets up and starts the dynamic viscosity measurement.
2.10. Confirm that the suspension shows shear thinning behavior with a dynamic viscosity (vih-skoss-ih-tee /vɪˈskɒːs ɪ tiː/) below 600 Pa·s (pascal-seconds (pah-skall /pɑːˈskɑːl/)) for a shear rate of 0.1 s-1 and below 10 Pa·s for shear rates of 10 to 300 s-1. [1-SCREEN]
2.10.1. *To be provided by authors: Screen capture footage of using the cursor to point out the dynamic viscosity being below 600 Pa·s at 0.1 s-1 and below 10 Pa·s at 10-300 s-1 on a representative graph and table of the results.
Authors: Please upload this screen capture file to your project page.
2.11. Lastly, evaluate the curing behavior by taking oscillating measurements before, during, and after curing by exposure to UV light. [1-MED-TXT]
2.11.1. Talent starts the oscillation measurement, illuminates the sample with the blue LED for 1-4 seconds (illumination time to demonstrator’s discretion), and waits as the oscillation measurement continues after the LED is turned off. This shot should ideally show both the rheometer and the demonstrator. (TEXT: See text for details.)
3. Manufacturing Single-Graded and Functionally Graded Components by Ceramic Stereolithography
Videographer: This is the section to be filmed in this shoot.
3.1. Set up a digital light processing stereolithography (stair-ee-oh-lih-thawg-ruh-fee /ˌstɛr iː oʊ lɪˈθɒg rə fiː/) printing device. [1-MED] Confirm that the curing depth is at least the same as the chosen building layers, and preferably several times thicker. [2-MED-TXT]
3.1.1. Talent places a piece of transparent foil containing 1 mL of ceramic-resin slurry on the printing glass plate.
3.1.2. With the slurry having been cured on the plate, talent removes excess slurry and measures the cured layer with a micrometer. (TEXT: See text for curing depth measurement and adjustment. Typical layers: 25-100 µm)
3.2. Then, generate a 3D model file of the component with computer-aided design software. [1-MED-Over shoulder] Slice the component model into layers of the appropriate thickness and save the file in a stereolithography contour format. [2-SCREEN]
3.2.1. An over-shoulder view of the CAD software as talent saves an already-made 3D model file.
3.2.2. *To be provided by authors: Screen capture footage of slicing the 3D file of a small model to the desired thickness and saving the sliced file in *.slc format.
Authors: Please upload this screen capture file to your project page. Author Note: The videographer captured footage of the screen for this step. In the meantime, we are working to upload a better file. Can you recommend us a software suite to perform this step?
[bookmark: _GoBack]Note to the video editor: “Screen Capture Guidelines” file is sent to authors. 
3.3. Transfer this file to the printing device by network or USB. Create a printing program and set the curing time per layer, casting speed, building platform speed, and other parameters. [1-MED]
3.3.1. A view of the printer’s interface as talent imports the file, creates a printing program, and sets/adjusts one of the parameters as a representation of the process (or points out the list of parameters displayed on the screen). Videographer: Please get at least 11-12 seconds of footage for this shot.
Authors: If setting a single parameter takes a long time or you think it would not be easy for a viewer to follow what you’re doing when you set the parameter, you can instead just point out the list of parameters for a few seconds.
We just want to avoid the visual showing the demonstrator importing the file, creating a new program, and then not doing anything for the rest of the step. We normally only show the demonstrator specifically not interacting with anything for several seconds as a visual cue for ‘wait’.
3.4. Then, fill the printing device reservoir about halfway with the prepared ceramic-resin slurry. [1-MED] Pump the slurry through the system [2-CU] until it starts refilling the reservoir. [3-MED]
3.4.1. Talent pours ceramic-resin slurry into the reservoir until it is half-filled.
3.4.2. Talent starts the slurry transportation using the interface.
3.4.3. 4-5 seconds of footage of the slurry being pumped back into the reservoir.
3.5. Attach a metal printing plate to the building platform by vacuum suction [1-MED] and start the printing program. [3-CU][2-CU]
3.5.1. Talent checks the thickness of the slurry layer with a thickness gauge.
3.5.2. Talent attaches the metal printing plate to the building platform.
3.5.3. Talent starts the printing program using the interface.
3.6. Refill the reservoir as needed during the printing process. [1-WIDE] When finished, turn off the vacuum while holding the printing plate to retrieve the component. [2-MED]
3.6.1. Talent refills the reservoir with more ceramic-resin slurry midway through the printing step. If possible, both the reservoir and the part being constructed should be visible in this shot.
3.6.2. While holding the printing plate with an attached, already-finished part, talent turns off the vacuum pressure and removes the plate with the part.
Videographer: Printing can take ~2 hours, so depending on whether the authors have a second printer set up with a finished part, it may be easier to film 3.6.2-3.7.3 while the first printer runs and then film 3.6.1 when the first printer is halfway finished.
3.7. [bookmark: _Hlk491166672]Use isopropyl (eye-so-pro-pul /ˌaɪ səʊˈproʊ pəl/) alcohol or another mild organic solvent to clean away any remaining slurry, [1-CU] and then let the component dry at room temperature in a ventilated area. [2-MED] De-bind (dee-bind) and sinter (sin-ter /ˈsɪn tər/) the component afterwards to finish the fabrication. [3-WIDE-TXT]
3.7.1. 6-7 seconds of footage of talent rinsing a finished part with isopropanol to clean off any remaining slurry. Note to the video editor: They shot this step 2 times because during the shooting the sample broke. However, both shoots are called “take 1”. Please use the 2nd “take 1”. 
3.7.2. Talent puts the just-rinsed finished part in a fume hood to dry.
3.7.3. Talent places a dry finished part in the de-binding kiln. (TEXT: See text for de-binding and sintering.)
4. Results: Single-Material Functionally Graded Ceramic Component Fabrication
4.1. This high-purity alumina (uh-loo-min-uh /əˈluː mɪn ə/) powder was [1-LM] deagglomerated and functionalized with dispersant (dih-sper-sunt /dɪˈspɜːr sənt/). [2-LM] Upon drying, the functionalized powder re-agglomerated (ree-uh-glom-uh-rey-ted /ˌriː əˈglɒm əˌreɪ təd/), [3-LM] but was evenly re-dispersed in polymeric (pah-lih-merr-ik /ˌpɑː lɪˈmɛr ɪk/) resin. [4-LM]
4.1.1. Figures 1A and 1B: Video editor: Add the caption ‘Original powder’ and frame 1B as a ‘zoom bubble’ showing surface detail from the spherical particles in 1A. Please retain these captions and the zoom bubble arrangement throughout showing 1A and 1B.
4.1.2. Figures 1A, 1B, and 1D, retaining the 1A and 1B arrangement/caption: Video editor: Emphasize 1D and caption 1D with ‘Detail after agglomeration’.
4.1.3. Figures 1C and 1D: Video editor: Frame 1D as a ‘zoom bubble’ showing surface detail from the large, irregularly-shaped clusters in 1C and add the caption ‘After deagglomeration’.
4.1.4. Figure 3: Video editor: Add the caption ‘Ceramic-resin suspension’.
4.2. Four suspension compositions with [1-LM] different powder contents, [2-LM] di- and tetra-functional (teh-truh /ˈtɛ trə/) crosslinker ratios, [3-LM] and overall binder-crosslinker ratios were evaluated. [4-LM]
4.2.1. Figure 2: Video editor: Add the caption ‘(1) 78 wt.% alumina, 1.3 wt.% photoinitiator, 1:1.5 di-/tetra-functional crosslinker, 1.2:1 crosslinker/binder; (2) 82 wt.% alumina, rest of composition same as (1); (3) 1:1.8 di-/tetra-functional crosslinker, rest of composition same as (1); (4) 75 wt.% alumina, 1:1 crosslinker/binder, rest of composition same as (1)’. Please retain this caption throughout showing Figure 2.
4.2.2. Figure 2: Video editor: Emphasize ‘78 wt.% alumina’, ‘82 wt.% alumina’, and ‘75 wt.% alumina’ in the caption (in (1), (2), and (4), respectively); also, emphasize the lines of black squares, white squares, and white circles in the graph, which represent compositions 1, 2, and 4.
4.2.3. Figure 2: Video editor: Emphasize ‘1:1.5 di-/tetra-functional crosslinker’ and ‘1:1.8 di-/tetra-functional crosslinker’ in the caption (in (1) and (3), respectively); also, emphasize the lines of black squares and black dots (representing 1 and 3).
4.2.4. Figure 2: Video editor: During “overall binder-crosslinker ratios”, emphasize ‘1.2:1 crosslinker/binder’ and ‘1:1 crosslinker/binder’ in the caption (in (1) and (4), respectively); also, emphasize the lines of black squares and white circles in the graph.
4.3. All four suspensions had the desired shear thinning behavior, [1-LM] but only composition 1 exhibited the optimal suspension flow behavior. [2-LM]
4.3.1. Figure 2: Video editor: Emphasize all four lines of dots/squares. The roughly 1:1 downward slopes of the lines show that each composition has the desired shear thinning behavior.
4.3.2. Figure 2: Video editor: Emphasize the line of black squares, which is composition 1, and the text ’78 wt.% alumina…1.2:1 crosslinker/binder’ listed after (1) in the caption (i.e., the list of proportions in compound 1).
4.4. If the dynamic viscosity is too high, it could hinder casting thin slurry layers owing to a lack of flow. [1-LM] A too-low dynamic viscosity could result in the slurry flowing freely under the casting blade or in an unstable suspension. [2-LM]
4.4.1. Figure 2: Video editor: Emphasize the lines of black dots and white boxes, which show too-high dynamic viscosity. (The ideal behavior is for values to be above y = 600 at around x = 0.1 and below y = 10 for 10-300 on the x-axis. Please note that both axes are logarithmic.)
4.4.2. Figure 2: Video editor: Emphasize the line of white circles, which shows too-low dynamic viscosity.
4.5. Prior to exposing the ceramic-resin suspension to light, the shear storage modulus (mod-you-lus /ˈmɒd jʊ ləs/) remained roughly constant. [1-LM] The optimal curing time to achieve the minimum necessary strength without overcuring was 2 to 3 seconds. [2-LM] Exposure for longer than 4 seconds could result in brittleness from overcuring. [3-LM]
4.5.1. Figure 4: Video editor: Highlight the area on the graph up to about x = 60 (the area where the lines of dots are flat).
4.5.2. Figure 4: Video editor: Emphasize the dark grey and circled white dots (corresponding to 2s and 3s, meaning exposure for 2 seconds and exposure for 3 seconds) from x = 60 rightward and highlight the topmost horizontal gridline at 1000000 (indicating the minimum necessary strength).
4.5.3. Figure 4: Video editor: Emphasize the black dots from x = 60 rightward (the 4s dots).
4.6. Using optimal alumina slurry composition and exposure times, [1-LM] this test component with a dense outer shell [2-LM] and a porous bone-like central core [3-LM] was fabricated defect-free, [4-LM] with an extremely low porosity (po-ross-ih-tee /poʊˈrɒs ɪ tiː/) and high density in the bulk areas. [5-LM]
4.6.1. Figures 2 and 4: Video editor: Emphasize the line of black squares in Figure 2 (corresponding to 1, the ideal composition) and the lines of dark grey and circled white dots in Figure 4 (corresponding to 2s and 3s, the ideal exposure times).
4.6.2. Figure 5A: Video editor: During “dense outer shell”, add an arrow pointing to the solid outer shell area in the diagram.
4.6.3. Figure 5A: Video editor: Add an arrow pointing to the cross-hatched central core area in the diagram.
4.6.4. Figure 5B
4.6.5. Figures 5B and 6: Video editor: Add Figure 6 as a cut-in to the dense outer shell of the part shown in 5B.
[bookmark: FigureRevRequest]Authors: Please upload each panel of Figures 1, 5, and 6 as individual image files to your project folder. Please remove the A-D labels from each of these images.
5. Conclusion (Said by you on camera. Don’t forget to smile!)
5.1. [bookmark: _Hlk513366547]Pablo Gonzalez: The Admaflex technique presented in this article is designed to handle viscous resin-ceramic mixtures in order to reach the precision required in the production of functionally graded materials.
5.2. Eric Schwarzer: The presented technique paves the way for researchers in ceramic manufacturing to develop photoreactive ceramic suspensions, which can be used in lithography-based ceramic additive manufacturing to produce high-quality ceramic components, such as innovative functionally graded components for medical implant applications. (This statement has already been filmed.)
[bookmark: ProvidedMedia]
PROVIDED MEDIA
Authors: Name new or modified files with the scheme 01234_PIname_Figure1.tif, where 01234 is your JoVE video ID and PIname is the corresponding author’s surname. For example:

5.2 – 01234_PIname_Figure1.tif – dual color imaging of tumor angiogenesis at 40X
5.3 – 01234_PIname_Figure2.tif – dual color imaging of tumor angiogenesis at 100X

Minimum dimensions: 720 x 480 pixels
Minimum resolution: 300 dpi

Preferred image formats: .pdf, .tiff, .png, .eps, .ai, .psd
Preferred movie formats: .mov, .mp4, .avi

.mov or .mp4 files are strongly preferred for screen capture footage. Vector or layer-compatible formats (.svg, .ai, .eps, .pdf, .psd) are strongly preferred for complex figures and graphs.

To generate a vector (.pdf) file from a graph prepared in Excel or similar software, first, move the graph to its own sheet and click the tab to view the graph. Use ‘Save As’ to save this sheet as a standard .pdf.

Upload each file to your project folder: https://www.jove.com/account/file-uploader?src=17672663

[bookmark: GeneralPrep]GENERAL PREPARATION
It is critical for a smooth and organized shoot that your samples, reagents, instruments, glassware, and software are ready to go. This ensures that filming can quickly move from step to step.

Reagents, samples, and solutions should be prepared or collected and labeled before we arrive. Tubes, glassware, and plates should be clean, dry, and neatly labeled. 

Each shot will take about five minutes, as it takes a few minutes to set up between shots. You may need to prepare duplicate samples if a step that must be performed quickly is shown with more than one shot.

The filming process will be like a cooking show: if a step takes more than 5-10 minutes, you will continue the demonstration with the pre-made product of that step. Therefore, if your procedure has long incubation, reaction, heating, or calculation times, please prepare the products of those steps before we arrive. Please notify your script editor if the product of a long step is too unstable to be prepared in advance.

Individual shots may be filmed out of order to allow a longer process to finish. If your procedure has a long delay between sample preparation and the experiment itself, you may need to film the experiment before filming sample preparation. Please clearly mark shots or steps that you wish to film out of order in the script.

Please contact your script editor or see JoVE’s FAQ if you have general questions about filming. For detailed preparation instructions, please see the email that accompanied this script.
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