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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) N
[bookmark: BackToQues]C.  Procedure Highlights: Of the steps to be filmed, which will viewers benefit most from seeing? Please list 4-6 steps from this script by their step numbers (e.g. 2.1).
Steps 2.1 (Arrangement of Magnets), 2.6, 2.7, 2.13, 2.14, and 3.3 in this video script.
D.  Critical Steps: What is the single most difficult aspect of this procedure? Please list 1-2 steps from this script and briefly describe how you ensure success.
Steps 2.1 (Arrangement of Magnets) and 2.14 in this video script.
In step 2.1, during placement of permanent magnets on a steel top plate, there is a risk of injury from impact. Thus, impact resistant gloves are used to ensure hand safety.
Step 2.14 includes placement of a set of twenty-five N52 magnets on the vacuum bag which is very critical because these magnets can generate a very high pressure (i.e., a maximum pressure of 0.64 MPa). Thus, first, we ensure visually that magnets are properly aligned with the fiber stack. Then, we carefully bring them downward and place them on the vacuum bag while wearing the impact resistant gloves.
E.  Filming: Will filming need to take place in multiple locations? (Y/N) Y
If yes, how far apart are the locations? We are using two locations in the same building. One is in the first floor and the other is in the third floor.

[bookmark: Introduction]1. Introduction (Experimental Goal and Author Interviews)

A. Experimental Goal (Spoken by voice talent at JoVE.)
The overall goal of this procedure is to use a magnet assisted composite manufacturing, or MACM (may-kem /ˈmeıkem/), technique to significantly improve the quality of wet lay-up vacuum-bag composite laminates (lam-ih-neyts /ˈlæmɪˌneɪts/) by applying a high consolidation pressure during laminate fabrication. (Intro)

Note to VA: For pacing/intonation reference, ‘wet lay-up vacuum bag’ modifies ‘composite laminates’.
[bookmark: IntroStatements]B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. M. Cengiz Altan: The main advantage of this technique is that it is a low-cost, simple way to manufacture high-quality composite laminates and can be used to fabricate large, geometrically-complex parts with relative ease.
1.2. Mehrad Amirkhosravi: This method is broadly applicable not only to wet lay-up vacuum bag processes, but also to other composite manufacturing methods, such as out-of-autoclave prepreg curing and vacuum-assisted resin transfer molding.
C.  Optional Interview Statements (Said by you on camera. Don’t forget to smile!)
1.3. Maya Pishvar: Lay-up preparation and magnet arrangement and placement are difficult to learn without visual demonstration; we believe this presentation will help other researchers properly implement MACM to make high-performance composite laminates.

[bookmark: Protocol]Protocol (Spoken by voice talent at JoVE.)
2. Fabrication of a Plain Weave Glass Fiber Laminate Using Magnet Assisted Composite Manufacturing (MACM) in Wet Lay-Up Vacuum Bag Process
2.1. To begin the procedure, carefully place 25 1″ × 1″ × 0.5″ N52 (N fifty-two) NdFeB (neodymium (nee-oh-dim-ee-um /ˌniː oʊˈdɪm i əm/) iron boron (bore-on /ˈbɔr ɒn/)) permanent magnets in a 5 × 5 square configuration in alternating polarity on an 8″ × 6″ × 3/16″ magnetic steel plate. [1-MED-TXT]
2.1.1. With 23 magnets already placed, talent places the last two magnets on the plate to complete the 5 x 5 array and shows the completed array to the camera. (TEXT: Use caution and wear impact-resistant gloves when working with permanent magnets.)
2.2. Next, use a rotary fabric cutter to cut six 8″ × 6″ plies of plain-weave glass fiber. [1-MED] Then, stir together 40 g of epoxy resin and 10.96 g of resin hardener at 350 rpm (R-P-M) until fully mixed. [2-MED-Over shoulder-TXT]
2.2.1. Talent cuts an 8” x 6” ply of plain weave glass fiber, checking the cuts against a ruler or tape measure.
2.2.2. Talent lowers the mixer into a container of the resin and resin hardener and starts the mixer at 350 rpm. (TEXT: See text for information about fabric and resin selection.)
2.3. Degas (dee-gas) the resin for 15 minutes to remove trapped air introduced during the mixing process. [1-MED]
2.3.1. Talent secures the cover on the resin trap and opens the trap to vacuum.
2.4. Then, place a 0.3-mm-thick, 8″ × 6″ aluminum caul (call /kɔl/) plate pre-coated with PTFE (P-T-F-E) release agent in the center of a 10.5″ × 8.5″ perforated release film. [1-MED] Tape the edges of the caul plate to the release film with 0.5″-wide polyester tape. [2-CU]
2.4.1. Talent places the pre-coated caul plate in the center of the perforated release film.
2.4.2. Talent tapes the caul plate edges to the film with pre-cut pieces of polyester tape.
2.5. Next, fix an adhesive-backed flexible silicone heat sheet to one side of a 0.25″-thick 400-series (four-hundred series) tool-steel plate. [1-MED]
2.5.1. Talent smooths/pats a silicone heat sheet attached to the back of a tool steel plate to demonstrate ensuring that the heat sheet is adhering properly to the plate.
2.6. Cover a 17″ × 11″ area on the other side of the steel plate with 0.003″-thick nonporous PTFE-coated fiberglass release film. [1-MED] Outline the area with 0.5″-wide double-sided sealant tape designed for vacuum bagging. [2-CU]
2.6.1. Talent places the fiberglass release film on the steel plate.
2.6.2. Talent applies tacky tape around the outside of the release film.
2.7. Apply just enough of the degassed (dee-gassed) resin on a 6″ × 8″ area to wet out a single ply of the plain weave glass fiber. [1-MED] Place a single ply of the fabric on the resin and use a roller to press and squeeze out excess resin. [2-CU]
2.7.1. Talent applies resin to a 6” x 8” area (guided by a ruler if needed) on the release film.
2.7.2. Talent places the single ply of fabric on the resin and uses a roller to press out excess resin.
2.8. Pour additional resin on the fabric and use a squeegee to spread the resin over the fabric until the fiber bed is fully saturated. [1-CU] Repeat this process for the remaining 5 plies of glass fiber, using approximately the same amount of resin for each ply. [2-MED]
2.8.1. Talent pours more resin on the fabric and spreads the resin over the fabric with a squeegee.
2.8.2. Talent applies additional resin and places another layer of fabric on the resin.
2.9. Then, place the caul plate on the fiber preform. [1-CU] Tape down the edges of the attached release film with polyester tape. Place two layers of 16″ × 10″ breather cloth on top of the release film. [2-MED]
2.9.1. Talent lays the caul plate (with the attached release film on top) on the preform.
2.9.2. With three edges of the release film already taped down, talent tapes down the fourth edge with pre-cut polyester tape, and then places the layers of breather cloth over the release film.
2.10. Place the bottom piece of a two-piece aluminum twist-lock vacuum valve on the breather cloth, [1-MED] ensuring that the valve is at least 6″, or 15.3 cm, from the saturated preform (pre-form) to avoid contact with excess resin. [2-CU-TXT]
2.10.1. Talent places the bottom piece of the vacuum valve on the breather cloth.
2.10.2. Talent checks the distance between the valve and the edge of the fabric. (The zoom level of this shot should be wide enough to show the full 17” x 11” outlined area on the plate.) (TEXT: The valve may need to be placed further from the preform for other resin/fabric types.)
2.11. Remove the sealant tape backing. [1-MED] Place vacuum bagging film over the assembly and press the edges firmly against the sealant tape. [2-CU] Then, connect the top piece of the vacuum valve to a vacuum pump equipped with a pressure regulator. [3-MED]
2.11.1. Talent peels off the backing of one of the pieces of tacky tape.
2.11.2. With the backing now removed from all of the tacky tape, talent places the vacuum bagging film over the pile and presses the edges against the tacky tape. (The zoom level of this shot should be wide enough to show the full 17” x 11” outlined area.)
2.11.3. Talent connects the top piece of the vacuum valve to the vacuum hose.
2.12. Cut a small slit in the vacuum bag film over the bottom piece of the valve. Insert the top piece of the valve into the bottom piece and gently twist the top piece to lock it in place without wrinkling the vacuum bag. [1-ECU]
2.12.1. Talent cuts a slit in the vacuum bag film over the bottom piece of the valve, inserts the top piece (with attached gasket) into the bottom piece through the slit, and twists the top piece to lock the valve in place without wrinkling the vacuum bag film.
2.13. Start the vacuum pump, wait for the pressure [2.13] to stabilize at 93 kPa (kilopascals (pah-skalls /pɑˈskɑls/)), and check the system for leaks. [1-MED-Over shoulder] Clamp all four sides of the bottom plate to a support base to immobilize the assembly. [2-MED]
2.13. [Added shot]: Talent draws the vacuum inside the vacuum bag. (Author Comment: We added this shot before step 2.13.1 and the film slate was: Scene 2.13., Take 1.) (Editor: I added in roughly where this could go, taking a guess as to the length the shot needed to be on screen for the VO. However, you can adjust this to whatever looks best, as long as the action is shown before 2.13.1)
2.13.1. Talent checks the pressure readout (displaying 93 kPa).
2.13.2. Talent tightens the clamps holding the bottom plate to the support base.
2.14. Allow the laminate to cure under constant vacuum for 45 minutes at room temperature. [1-MED] Then, carefully place the array of permanent magnets on the vacuum bag, taking care to ensure that the magnets are properly aligned with the fiber stack. [2-MED]
2.14.1. The vacuum bag assembly under constant vacuum.
2.14.2. Talent visually confirms that the array of magnets is aligned with the fiber stack and carefully places the magnets on the stack.
2.15. Ramp the temperature of the bottom plate to 60 °C at 5 °C/min. Cure the laminate for 8 hours at that temperature. [1-MED-Over shoulder-TXT] When curing is finished, release the vacuum, remove the vacuum bag, and demold (dee-mold) the composite laminate. [2-CU]
2.15.1. Talent sets the silicone heater to heat to 60 °C. (TEXT: Curing conditions vary with resin type.)
2.15.2. Talent shows the camera a finished composite laminate.
3. Measurement of Magnetic Compaction Pressure
3.1. To begin the measurement procedure, secure a steel bottom plate to the movable crossbar of a mechanical testing instrument equipped with a 1,000-lbf (one thousand pound-force) load cell and a linear variable differential transformer. [1-MED-TXT] Attach a steel top plate to the load cell. [2-MED]
3.1.1. Talent checks that the steel bottom plate is firmly attached to the crossbar. (TEXT: 12.5 cm × 12.5 cm × 1.8 cm)
3.1.2. Talent connects the top plate to the load cell grip.
3.2. Ensure that the bottom steel plate is at least 25 mm from the top plate. Then, carefully place one NdFeB (neodymium iron boron) permanent magnet on the bottom plate. [1-MED]
3.2.1. Talent carefully places the permanent magnet on the bottom plate.
3.3. Begin moving the bottom plate upward at 1 to 2 mm/min. [1-CU] Record the generated magnetic force and the displacement over time. [2-MED-Over shoulder]
3.3.1. Talent uses the instrument touchscreen to start moving the crossbar and bottom plate upwards at 1-2 mm/min. (Author Comment: Scene 3.3.1 Take 1: shows the instrument touchscreen starts moving the cross-bar at 1-2 mm/min. Scene 3.3.1 Take 2: shows that the bottom plate moves toward the top plate. However, for shooting we increased the speed. Otherwise, the move of plate could not be seen with speed of 1-2 mm/min in the video.) (Editor: From the authors’ notes in their email, I’d suggest using take 2. It doesn’t show an accurate speed, but will show the complete action in a manageable time frame since it was sped up.)
3.3.2. [bookmark: _GoBack]Talent monitors the force-gap graph being generated in the software. (Author Comment: In Scene 3.3.2, We filmed the graph while it was generating. Again we moved the bottom plate at a higher speed than 1-2 mm/min because generation of the plot at speed of 1-2 mm/min takes so long.) (Editor: From the authors’ notes in their email, I’d suggest using take 2. It doesn’t show an accurate speed, but will show the complete action in a manageable time frame since it was sped up.)
3.4. Continue monitoring the magnetic compaction force measurements until the magnet almost contacts the top plate. [1-MED] Then, stop the test and calculate the magnetic compaction pressure vs. gap. [2-MED-Over shoulder]
3.4.1. The instrument with the magnet is now very close to the top plate.
3.4.2. Talent calculates the magnetic compaction pressure from the compaction force using a spreadsheet or other analysis software.
4. Composite Density Determination and Resin Burn-Off
4.1. To begin the density determination, cut three specimens from a laminate sample according to ASTM (A-S-T-M) specifications. [1-MED-Over shoulder] Place each specimen in a beaker containing 300 mL of an aqueous (ey-kwee-uhs /ˈeɪ kwiː əs/), transparent heavy liquid. [2-MED-TXT]
4.1.1. With two laminate specimens already prepared, talent cuts a third laminate sample from a laminate.
4.1.2. Talent adds the heavy liquid to a beaker. (TEXT: Heavy liquid, aqueous series inorganic salts, µ = 2.49 g/mL)
4.2. Place the composite specimen in the beaker and ensure that the specimen floats on the liquid. [1-CU] Add 3 mL of distilled water to the liquid [2-MED] and stir the solution at 1,000 rpm for 5 minutes. [3-MED-Over shoulder]
4.2.1. Talent places the specimen in the beaker; the specimen then floats on the heavy liquid.
4.2.2. Talent adds distilled water to the liquid.
4.2.3. Talent sets the stirrer to 1000 rpm.
4.3. Continue adding water in this way until the composite specimen is suspended in the mixture, indicating that the density of the solution is equal to the density of the specimen. [1-CU] Use a specific gravity cup to determine the density of the solution. [2-MED]
4.3.1. A beaker with a laminate specimen suspended in heavy liquid.
4.3.2. Talent transfers the heavy liquid from the beaker to a specific gravity cup.
4.4. To begin the resin burn-off procedure, place each specimen in a separate porcelain crucible. [1-MED] Measure and record the weights of the crucibles as well as the specimens. [2-MED-Over shoulder]
4.4.1. Talent places three laminate specimens in three porcelain crucibles.
4.4.2. Talent places a specimen on a tared balance and waits for the reading to stabilize. Then, talent places a crucible on a tared balance and waits for the reading to stabilize.
4.5. Then, place the crucibles in a furnace. Heat the furnace to 1112 °F, or 600 °C, at about 10 °C/min and allow the resin to burn off for 4 hours. [1-MED-Over shoulder]
4.5.1. Talent places the crucibles in a furnace, closes the furnace, and sets the furnace temperature to heat to 1112 °F.
4.6. Afterwards, turn off the furnace and carefully open the furnace door. Allow the furnace to cool to room temperature. [1-MED]
4.6.1. Talent turns off the furnace and carefully opens the furnace door.
Note: This can be demonstrated without the furnace being at full heat, although heat-resistant PPE and equipment should be worn as usual. If the furnace is not at 1112 °F when this shot is filmed, the temperature readout should not be visible in shot.
4.7. Then, remove the cooled crucibles from the furnace and weigh the recovered glass fibers to calculate the weight fractions of the fiber and resin. [1-MED-Over shoulder]
4.7.1. Talent places a crucible containing glass fibers from an already-burned off specimen on a balance and notes down the reading once the reading stabilizes.
5. Results: Composite Characterization
5.1. The measured magnetic pressure generated by a NdFeB magnet as a function of the gap between plates agreed well with the supplier-provided data sheet, confirming that increased magnetic pressure is applied to the laminate as the thickness of the lay-up decreases during the curing process. [1-LM]
5.1.1. Figure 2a (57254_Altan_Figure2a.pdf and 57254_Altan_Figure2aInset.pdf)
5.2. The moderate decreases in lay-up thickness of the two random-mat laminates during consolidation resulted in notable increases in magnetic pressure. The plain-weave laminate lay-up thickness decreased only slightly, resulting in a small increase in magnetic pressure during consolidation. [1-LM]
5.2.1. Figure 2b (57254_Altan_Figure2b.pdf): Add the caption ‘WM: Wet lay-up vacuum bag with MACM, PW: Plain weave, RM: Random mat, INF/EPON: Resin system’. During “The moderate…increases in magnetic pressure”, highlight the squares and circles along the dashed line in 2b. During “The plain…consolidation”, highlight the triangles along the dashed line.
5.3. Applying magnetic compaction pressure in the range of 0.2 to 0.4 MPa (megapascals (pah-skalls /pɑˈskɑls/)) significantly reduced the average laminate thickness for both plain weave and random mat glass fiber laminates. This was reflected in a notable reduction in resin-rich areas and in void volumes. [1-LM] This change was observed across multiple resin systems. [2-LM]
5.3.1. Figures 3a-3d (57254_Altan_Figure3a.pdf, 57254_Altan_Figure3b.pdf, 57254_Altan_Figure3c.pdf, and 57254_Altan_Figure3d.pdf) and the first four rows of Table 2 (plus header): Add the caption ‘W: Conventional wet lay-up vacuum bag process, WM: Wet lay-up vacuum bag with MACM, PW: Plain weave, RM: Random mat, INF: Resin system’.
5.3.2. Figures 3c-3f (57254_Altan_Figure3c.pdf, 57254_Altan_Figure3d.pdf, 57254_Altan_Figure3e.pdf, and 57254_Altan_Figure3f.pdf) and the last four rows of Table 2 (plus header) with the caption ‘W: Conventional wet lay-up vacuum bag process, WM: Wet lay-up vacuum bag with MACM, RM: Random mat, INF/EPON: Resin system’.
5.4. The increased fiber volume fraction and the decreased void volume fraction of the laminates fabricated with MACM resulted in significant improvements in the flexural (flek-shur-ul /ˈflɛk ʃər əl/) strength and flexural modulus (mod-you-lus /ˈmɒd jʊ ləs/) relative to the conventionally-produced laminates. [1-LM]
5.4.1. Table 3: On “significant improvements”, highlight the three ‘WM-‘ rows of the table.
6. Conclusion (Said by you on camera. Don’t forget to smile!)
6.1. [bookmark: _Hlk479076977]Maya Pishvar: After watching this video, you should have a good understanding of how to use permanent magnets to apply high consolidation pressure during cure of a laminate in the wet lay-up vacuum bag process.
6.2. M. Cengiz Altan: The high consolidation pressure considerably enhanced the properties of these composite laminates. We are very excited about the use of magnetic pressure in manufacturing high-performance, structural composite laminates, and believe this method can be adopted in other composite manufacturing processes.
6.3. Mehrad Amirkhosravi: Don’t forget to be extra careful during arrangement and placement of permanent magnets, as they generate a very high pressure. Precautions such as wearing impact-resistant gloves should always be taken when performing this procedure.
[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: .tiff, .png, .eps, .ai, .psd, .pdf
Preferred movie formats: .mov, .mp4, .avi

If figures or tables were created as .xlsx files, please provide those as well.

Upload each file to your project folder: https://www.jove.com/account/file-uploader?src=17462518

Please list the provided files below and specify the step or steps where the files will be used. If a file is not based on an existing figure, please provide a short description.

· [bookmark: Text13]Step number(s) – File name - Description (if new figure)


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. All tubes, flasks, and plates should be clean, dry, and neatly labeled.

If your procedure includes 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.

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