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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)___N______  (If you can record images/videos using your own camera/software, then mark No)   If yes, please list make and model of your microscope: _____________________________________________
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)___N_____ 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.
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps by their protocol numbers. Please do not list entire sections of the protocol. If your protocol contains highlighting, make sure these steps are highlighted. ____Steps are highlighted______________________________________

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps to be filmed by their protocol numbers. (Please do not list an entire section.) ______2.11________________

E.  Will the filming need to take place in multiple locations? (Y/N) __Maybe__ If yes, how far apart are the locations? _____About 100 feet if need be_____________________ 
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 two-stage reaction is to help overcome many of the technical barriers of liquid-crystalline elastomers, such as how to utilize a facile, tailorable, and scalable reaction, or how to mechanically program a sample for thermo-mechanical actuation. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  

1.1. Christopher Yakacki: This method gives us a versatile platform to investigate key questions in the field of LCEs as well as open the door to make these materials more accessible to researchers without extensive backgrounds in chemistry and synthesis.  [1.1.1 – MED].

1.1.1. Chris speaks toward the camera, interview style.

1.2. Amir Torbati: One advantage of this technique is that by using thiol and acrylate chemistries, it gives researchers a very easy way to investigate structure-property-performance relationships by simply adjusting the amounts and types of monomers and mesogens used.   [1.2.1 – MED].   

1.2.1. Chris speaks toward the camera, interview style.
C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Mohand Saed: The creation or programming of a monodomain in liquid-crystalline elastomers has always been a challenge, especially in relatively thick samples [1.3.1 – MED].
1.3.1. Mohand speaks toward the camera, interview style. 
1.4. Amir Torbati: Generally, individuals new to liquid-crystalline elastomers will struggle because of the difficulty of the synthesis [1.4.1 – MED].
1.4.1. Amir speaks toward the camera, interview style.
D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!)
1.5. Christopher Yakacki: [1.5.1 – MED] Demonstrating the procedure will be undergraduate students, Victoria Dorr [1.5.2 – MED] and Michael Bollinger [1.5.3 – MED]. 

1.5.1. Chris speaks toward the camera, interview style.
1.5.2. Victoria looks up from workbench or desk and acknowledges the camera.
1.5.3. Michael looks up from workbench or desk and acknowledges the camera.
Protocol (read by voice talent at JoVE):

2. Preparation of Liquid Crystalline Elastomers (LCEs) 
2.1. To begin, add 4 grams of RM257 (pronounced as “R.M. Two fifty-seven”) into a 30 milliliter vial [2.1.1 – MED – TXT].  RM257 is a di-acrylate (pronounced as “dahy ak-ruh-leyt”) mesogen and is received as a powder [2.1.2 – CU]. Two takes for pronunciation of “mesogen”
2.1.1. Talent motions to add 4 grams of RM257 into a 30 mL vial.  Use labeled containers.  Continue action in next shot.  TEXT Overlay: RM257 = 4-Bis-[4-(3-acryloyloxypropypropyloxy) benzoyloxy]-2-methylbenzene  
2.1.2. 30 mL vial as talent adds the RM257 there. 
2.2. Dissolve RM257 by first adding 40 weight percent of toluene [2.2.1 – MED-over the shoulder].  Then, heat to 80 degrees Celsius on a hot plate; it typically takes less than 5 minutes to dissolve the RM257 into a solution [2.2.2 – CU].
2.2.1. Talent adds toluene to the vial.  Use labeled containers.
2.2.2. Vial as talent places onto the hotplate. 
2.3. After cooling the solution to room temperature, add 0.217 grams of the tetra-thiol crosslinking monomer, PETMP (pronounced as letters) [2.3.1 – MED – TXT].
2.3.1. Talent adds the PETMP to the vial from a labeled container.  TEXT Overlay: PETMP = pentaerythritol tetrakis (3-mercaptopropionate)  
2.4. The next step is to add the di-thiol monomer.  In this study, EDDET (pronounced as letters) was chosen over shorter, lower molecular weight di-thiols that have an extremely strong odor in the liquid form [2.4.1 – CU – TXT].
2.4.1. Labeled EDDET container as talent displays to the camera and begins to open it.  TEXT Overlay: EDDET = 2,2-(ethylenedioxy) diethanethiol
2.5. Add 0.9157 grams of EDDET to result in a molar ratio of thiol functional groups between PETMP and EDDET of 15 to 85, or 15 mol percent PETMP [2.5.1 – MED].
2.5.1. Talent adds EDDET to the vial.  
2.6. Then, dissolve 0.0257 grams of the photoinitiator, HHMP (pronounced as letters) into the solution [2.6.1 – MED – TXT].  HHMP is used to enable the second-stage photopolymerization reaction and can be omitted if the second-stage reaction will not be utilized [2.6.2 – CU].
2.6.1. Talent motions to add the HHMP to the vial.  Continue action in next shot.  Use labeled containers.  TEXT Overlay:  HHMP= (2-hydroxyethoxy)-2-methylpropiophenone 
2.6.2. Vial as talent places the HHMP there.
2.7. Prepare a separate solution of a catalyst by diluting dipropylamine (pronounced as “dahy proh-pil uh-meen”), or DPA, with toluene at a ratio of 1 to 50 [2.7.1 – MED-over the shoulder].  
2.7.1. Talent dilutes the DPA in toluene.  Use labeled containers.
2.8. Add 0.568 grams of diluted catalyst solution to the monomer solution, which corresponds to 1 mol percent of catalyst with respect to the thiol functional groups [2.8.1 – MED].  Mix vigorously on a vortex mixer [2.8.2 – MED-over the shoulder].
2.8.1. Talent adds the diluted catalyst to the monomer solution.  Use labeled containers.
2.8.2. Vortex mixer as talent mixes the sample.
2.9. Avoid adding undiluted catalyst to the solution, as this will likely result in extremely rapid localized polymerization and will prevent manipulation of the polymer solution into the desired mold [2.9.1 – CU – TXT].  
2.9.1. Solution as talent adds the undiluted catalyst there to show what not to do.  TEXT Overlay:  DO NOT add undiluted catalyst
2.10. Immediately after mixing, place the monomer solution in a vacuum chamber for 1 minute at 508 millimeters of mercury to remove any air bubbles caused by mixing [2.10.1 – MED-over the shoulder].  
2.10.1. Talent places the monomer solution in a vacuum chamber.
2.11. Immediately transfer the solution into the desired mold or inject the solution between two glass slides [2.11.1 – MED].  Molds should be manufactured from HDPE.  The molds do not need to be covered, as the Michael-addition reaction is relatively insensitive to oxygen inhibition [2.11.2 – CU – TXT]. 
2.11.1. Talent prepares to transfer the solution into the mold.  Continue action in next shot.
2.11.2. Molds as talent completes transfer of the solution there.  TEXT Overlay: HDPE = high-density polyethylene
2.12. Allow the reaction to proceed for at least 12 hours at room temperature [2.12.1 – MED-over the shoulder].  The solution will begin to gel within the first 30 minutes [2.12.2 – CU].
2.12.1. Talent leaves the reaction in the mold at room temperature.
2.12.2. Solution as it begins to gel.
2.13. Then, place samples in a vacuum chamber at 80 degrees Celsius and 508 millimeters of mercury for 24 hours to evaporate the toluene [2.13.1 – MED].  Once completed, the samples should have a glossy white and opaque appearance at room temperature [2.13.2 – CU].
2.13.1. Talent places the samples in a vacuum chamber.
2.13.2. Sample with glossy white and opaque appearance a talent displays to the camera.
2.14. Repeat the procedure to tailor the ratio of tetra-functional to di-functional thiol monomers with ratios of 25 to 75, 50 to 50, and 100 to 0, respectively [2.14.1 – WIDE – TXT].
2.14.1. Talent works at bench to start the procedure again.  TEXT Overlay:  see table 1 in text 
3. Shape Fixity and Actuation Tests
3.1. Prepare an HDPE custom dog-bone mold with gage length of 25 millimeters and cross-sectional area of 1 millimeter by 5 millimeters [3.1.1 – MED-over the shoulder].  
3.1.1. Talent prepares the HDPE custom dog-bone mold as talent prepares with gage length of 25 mm and cross-sectional area of 1mm x 5 mm.
3.2. Using a glass pipette, fill each mold cavity with the 15 mol percent PETMP monomer solution until it is flush with the top of the mold [3.2.1 – CU].  Allow the samples to cure and dry as before [3.2.2 – MED-over the shoulder].
3.2.1. Mold cavities as talent fills with the monomer solution using a glass pipette until the solution is flush with the top of the mold.
3.2.2. Talent pulls the cured/dried sample out of the vacuum chamber.
3.3. Next, set two pieces of reflective laser tape 5 to 7 millimeters apart within the gage length of the specimen [3.3.1 – CU].
3.3.1. Talent sets 2 pieces of reflective laser tape 5 to 7 mm apart within the gage length of the specimen.
3.4. Load the specimen into a mechanical tester equipped with a laser extensometer, thermal chamber, and a 500 Newton load cell [3.4.1 – MED-over the shoulder].  
3.4.1. Talent loads the specimen into the mechanical tester.
3.5. Use the self-tightening grips to secure the specimens, as specimens will dislodge from wedge grips at high strain values [3.5.1 – CU].  Align the laser extensometer properly to track the accurate change in length as a function of applied strain [3.5.1 – MED-over the shoulder].
3.5.1. Talent secures the specimens with self-tightening grips.
3.5.2.  Talent aligns the laser extensometer.
3.6. Using a permanent marker, mark a dot on the other side of each piece of reflective tape, recording the length between the dots [3.6.1 – CU].  Strain the specimens at room temperature with a displacement rate of 0.2 millimeters per second to 100, 200, 300, or 400 percent strain [3.6.2 – MED-over the shoulder].
3.6.1. Specimen as talent marks a dot on the other side of each piece of reflective tape, and then places a ruler there to record the length.
3.6.2. Talent sets the mechanical tester to strain the specimens at room temperature with a displacement rate of 0.2 millimeters per second to 100, 200, 300, or 400 percent strain.
3.7. While maintaining the desired strain level, expose the sample to a 365 nanometer UV light source at an intensity of approximately 10 milliWatts per square centimeter for 10 minutes by holding a UV Lamp approximately 150 millimeters from the sample [3.7.1 – CU].
3.7.1. Sample as talent brings a UV light to it and holds it 150 mm from the sample.
3.8. Unload the sample and then heat it above the isotropic transition temperature, Ti (pronounced as “T-I”), to induce actuation [3.8.1 – MED-over the shoulder].  Allow the sample to cool back to room temperature and record the length between the dots [3.8.2 – CU].  Then, calculate fixity using the equation listed in the text protocol [3.8.3 – MED-over the shoulder – TXT].
3.8.1. Talent heats the sample to induce actuation.
3.8.2. Cooled sample as talent measures the length between the dots.
3.8.3. Talent works toward calculating the fixity (the whole process does not need to be filmed since we are referencing the text protocol here).  TEXT Overlay:  see text for equation
3.9. Next, cut a 30 millimeter length sample from the center portion of the programmed specimen [3.9.1 – CU].
3.9.1. Specimen as talent cuts a 30 mm length sample from the center portion.  
3.10. Load the sample properly into a dynamic mechanical analysis, or DMA, tester [3.10.1 – MED-over the shoulder].  Test the sample in tensile mode, with active length measuring 13 to 15 millimeters, taking care not to over-tighten the grips on the test coupon [3.10.2 – CU].
3.10.1. Talent loads the sample into the DMA tester.
3.10.2. Mechanical tester as talent tests the sample in tensile mode, with active length 13-15 mm.
3.11. Equilibrate the sample at 120 degrees Celsius under a preload of 0 Newton, followed by cooling of the sample from 120 to minus 25 degrees Celsius at a rate of 3 degrees Celsius per minute.  Maintain the pre-force at 0 Newtons for the entire test [3.11.1 – MED-over the shoulder/CU]. 
3.11.1. Multiple takes of the mechanical tester as talent inputs the temperature and force parameters there.  Use shots to cover this point, correlating the action performed with the narration.
4. Results: Thermo-mechanics and Actuation of Liquid-Crystalline Elastomers 
4.1. By tailoring the molar ratio of thiol functional groups between the di-thiol and tetra-thiol monomers, a wide range of mechanical properties is demonstrated in the materials [4.1.1 – Title Card].
4.1.1. Title Card  
4.2. The modulus, failure strain, and soft-elasticity plateau are all influenced by the amount of tetra-functional crosslinker present during the 1st stage Michael-addition reaction [4.2.1 - LM]. 
4.2.1. 53546 – Fig 2a.jpg
4.3. The glass transition behavior can also be tailored via the molar ratio of tetra-thiol crosslinker used during synthesis.  The glass transition temperature, nematic modulus, and isotropic modulus increase with increasing crosslinker concentration [4.3.1 – LM].
4.3.1. 53546 – Fig 2d.jpg
4.4. These materials display unique thermo-mechanical behavior in that their tan delta functions remain elevated after the glass transition and throughout the nematic region [4.4.1 – LM]. 
4.4.1. 53546 – Fig 2c.jpg.  Editors, please highlight the black line as this point is narrated.
4.5. The failure strain of these materials as a function of temperature follows the same shape as the tan delta function, reaching a maximum near the glass transition temperature [4.5.1 – LM]. 
4.5.1. 53546 – Fig 2c.jpg. Editors, please highlight the red-dashed line as this point is narrated.
4.6. By utilizing this platform, the fixity, or efficiency of locking the monodomain, of the second-stage reaction can be measured as a function of applied strain [4.6.1 – LM].  Furthermore, the magnitude of thermal actuation is seen to increase linearly with applied programming strain [4.6.2 – LM].
4.6.1. 53546 – Fig 4a.jpg.  Editors, please highlight the red line as this point is narrated.
4.6.2. 53546 – Fig 4a.jpg.  Editors, please highlight the black-dashed  line as this point is narrated.
Authors, I had to remove some text to meet the 200 word maximum for the results section.
5. Conclusion (said by authors on camera)
5.1. Devatha Nair: We developed this methodology to more easily synthesize and program LCEs based on multi-staged thiol-acrylate click reactions. [5.1.1 – MED].  
5.1.1. Devatha speaks toward the camera, interview style.
5.2. Christopher Yakacki: Visual demonstration of this method is critical to show that anyone can explore these fascinating materials with readily available off-the-shelf materials [5.2.1 – MED].
5.2.1. Christopher speaks toward the camera, interview style.
5.3. Amir Torbati: After watching this video, you should have a good understanding of how to create your own tailorable liquid-crystalline elastomers and program them for reversible thermal-actuation [5.3.1 – MED].  
5.3.1. Amir speaks toward the camera, interview style.
5.4. Ross Volpe: Due to the scalable nature of the thiol-acrylate reactions, we are able to create samples with small-scale features, such as nano-channels, to large samples that could potentially be used for biomedical devices [5.4.1 – MED].
5.4.1. Ross speaks toward the camera, interview style.
5.5. Michael Bollinger: Once learned, a large batch of liquid-crystalline elastomer samples can be mixed in about an hour.  We allow our samples to cure overnight, dry the next day, and then they are ready for testing, which is faster than many techniques [5.5.1 – MED].
5.5.1. Michael speaks toward the camera, interview style.
5.6. Victoria Dorr: While attempting this procedure, it’s important to remember to have an excess of acrylate groups to enable the second stage photo-polymerization reaction.  Of course, if you keep a stoichiometric balance of acrylate-to-thiol groups, you can still synthesize polydomain samples [5.6.1 – MED]. 
5.6.1. Victoria speaks toward the camera, interview style.
5.7. Mohand Saed:  Following this procedure, other methods like photo-patterning can be performed in order to spatially tailor the mechanical properties of the elastomer or control the transitions between the polydomain, monodomain, and isotropic states [5.7.1 – MED]/[5.7.2 – CU].
5.7.1. Mohand speaks toward the camera, interview style.
5.7.2. LCE as talent embeds the JoVE logo there.  Editors, as Mohand is narrating this point, please show the footage of the JoVE logo being embedded in the LCE.
5.8. Devatha Nair:  This technique helps pave the way for researchers across all fields of materials science and engineering to explore the mechanical and optical functionalities of liquid-crystalline elastomers [5.8.1 – MED]. 
5.8.1. Devatha speaks toward the camera, interview style
5.9. Victoria Dorr: Don't forget that working with organic solvents and monomers can be hazardous and precautions such as wearing personal protective equipment and working in a fume hood should always be taken while performing this procedure [5.9.1 – MED].   
5.9.1. Victoria speaks toward the camera, interview style
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.
53546 – Fig 2a.jpg
53546 – Fig 2d.jpg
53546 – Fig 2c.jpg 
53546 – Fig 4a.jpg
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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