Submission ID #: 53423
Editor Name: Brigid Stadinski
Videographer name: Paul Donahue
Film Date: 07/27/2015
Authors and Affiliations: 

Samuel Rosset1, Oluwaseun Araromi1, Samuel Schlatter1, and Herbert R. Shea1
1Microsystems for Space Technologies Laboratory, Ecole polytechnique fédérale de Lausanne, Neuchâtel, Switzerland
Title: Fabrication process of silicone-based dielectric elastomer actuators 
Corresponding Author: 

Rosset, Samuel

samuel.rosset@a3.epfl.ch
Co-authors:
seun.araromi@epfl.ch
samuel.schlatter@epfl.ch
Herbert.shea@epfl.ch
Authors, please fill out the brief questionnaire below.   
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) No  (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) No 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. 2.3.1, 2.10.1, 3.3.2, 3.7.1, 4.6
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.) 

· Obtain defect free sacrificial layers and membranes (avoid inclusion of dust particles during the coating process (steps 2.3.1 and 2.10.1). Solution: working in a clean area and removing the dust from the PET substrate before the coating process.
[image: image1.png]


E.  Will the filming need to take place in multiple locations? (Y/N) Y If yes, how far apart are the locations? Different floors of the same building. Most of the protocol (steps 1.xxx to 3.xxx) are made in a single lab. Only the testing (steps 4.xxx) is made in a different lab. Please note that the fabrications steps (1.xxx to 3.xxx) will be performed in a clean room (ISO class 8). The filming equipment will need to be cleaned before entering in the lab, and everybody must be wearing overalls and gloves.
 Note that if moving the filming equipment between different locations is annoying for you, then we could also perform the steps 4.xxx in the clean area and limit the filming locations to 1.
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 procedure is to fabricate robust dielectric elastomer actuators.  In this video, the fabrication of an in-plane actuator consisting of a silicone membrane stretched on a frame is shown, with compliant electrodes stamped on both sides.
Editors, if possible, please show “53423_Rosset_Figure3.tiff” as the second sentence is narrated of the experimental goal is narrated per author request.
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Samuel Rosset: Thanks to their large actuation strains, dielectric elastomer actuators have many potential applications.  However, the manual production processes used to fabricate them have limited their usage in commercial products [1.1.1 – MED]. 
1.1.1. Samuel speaks toward camera, interview style.

1.2. Oluwaseun Araromi: The main advantage of this technique is the ability to manufacture reproducible and robust actuators with precisely-defined shapes.  The use of low-loss silicone elastomer allows for a fast actuator response [1.2.1 – MED].
1.2.1. Oluwaseun speaks toward camera, interview style.

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Samuel Schlatter:  Although the procedure presents the fabrication of an actuator, the same technique can be used to fabricate dielectric elastomer generators and stretchable strain sensors [1.3.1 – MED].  

1.3.1. Samuel speaks toward camera, interview style.

Protocol (read by voice talent at JoVE):
2. Silicone membrane production
2.1. To begin sacrificial layer casting, cut a 400 millimeter long sheet of high quality 125 micron-thick polyethylene terephthalate (pronounced as “pol-ee-eth-uh-leen ter-ef-thal-yet”), or PET, from the roll [2.1.1 – MED].
2.1.1. Talent cuts a 400 millimeter long sheet of PET from the roll.
2.2. Lay the PET substrate on the vacuum table [2.2.1 – MED-over the shoulder] and turn on the vacuum pump [2.2.2 – CU].  Place the profile rod applicator on the automatic film coater and set the coating speed to 5 millimeters per second [2.2.3]
2.2.1. *Film as written
2.2.2. As written
2.2.3. Automatic film coater as talent places profile rod applicator on the automatic film coater and sets the coating speed to 5 mm/sec. 
2.3. Then, put 2 milliliters of sacrificial layer solution in front of the profile rod and start the coater machine [2.3.1 – MED].
2.3.1. Talent puts 2mL of sacrificial layer solution in front of the profile rod and starts the coater machine.  Use a labelled container.  TEXT Overlay:  see text for preparation of sacrificial layer solution 
2.4. Next, retract the film applicator, but leave the vacuum pump running and leave the PET substrate on the vacuum plate [2.4.1 – CU].  Let the layer dry in air for two minutes [2.4.2 – MED – over the shoulder].
2.4.1. Vacuum plate as talent retracts the film applicator.
2.4.2. Talent starts a timer to count down from 2 minutes.
2.5. For silicone membrane casting, add 15 grams of silicone base [2.5.1 – CU] and 1.5 grams of cross-linker to a mixing pot [2.5.2-CU].  Then, add 10 grams of silicone solvent to decrease the viscosity [2.5.3 – MED-over the shoulder].
2.5.1. Mixing pot as talent adds 15 grams of silicone base and 1.5 grams of cross-linker.
2.5.2. Mixing pot as talent adds 1.5 g cross-linker
2.5.3. *Film as written 
2.6. Mix the silicone mixture with a planetary mixer.  Use a 2 minute mixing cycle at 2000 rpm plus a 2 minute degassing cycle at 2200 rpm [2.6.1 – CU].
2.6.1. Planetary mixer as talent mixes the silicone mixture.
2.7. Next, set the height of the universal applicator to 225 microns [2.7.1 – MED-over the shoulder].  Place the applicator at the top of the PET sheet and set the film applicator speed to 3 millimeters per second [2.7.2 – CU].
2.7.1. Talent sets the height of the universal applicator to 225 microns.
2.7.2. PET sheet as talent places the applicator at the top and sets applicator speed to 3 mm per second.
2.8. Samuel Schlatter:  It is critical to obtain defect-free membranes by avoiding the inclusion of dust particles during the casting process.  We do this by working in a clean environment and by carefully cleaning the substrate before coating the membrane [2.8.1 – MED].
2.8.1. Talent speaking toward camera, interview style.
2.9. Transfer 10 milliliters of the silicone mixture from the mixing pot to the PET substrate with a syringe [2.9.1 – MED].  Start the automatic applicator to apply silicone over the complete PET substrate [2.9.2 – CU].
2.9.1. Mixing pot/PET substrate as talent transfers 10 mL of silicone mixture.
2.9.2. Talent starts the automatic applicator.
2.10. Turn off the pump and wait for 5 minutes to let the solvent evaporate from the cast layer [2.10.1 – MED].  Transfer the membrane onto a glass plate [2.10.1] and place in the oven for 30 minutes at 80 degrees Celsius [2.10.2 – CU].
2.10.1. Talent turns off the pump. Membrane on the glass plate
2.10.2. Membrane on the glass plate as talent places membrane into the oven.  
2.11. After 30 minutes, remove the membrane from the oven [2.11.1] and leave it to cool down at room temperature for an additional 5 minutes [2.11.1 2– MED-over the shoulder].  Then, cover it with a thin PET foil to protect the surface from contaminants [2.11.23 – CU].
2.11.1. Talent removes the membrane from the oven.
2.11.2. Membrane is placed on table
2.11.3. Membrane as talent covers it with a thin PET foil to protect the surface from contaminants.
3. Release and prestretching of elastomeric membranes
3.1. Fabricate the prestretch support and membrane support, and cut the cast silicone membrane/PET substrate sandwich as described in the text protocol [3.1.1 – Title Card].  
3.1.1. Title Card.
3.2. Fix the laser-cut prestretch support onto the cut silicone membrane circle, adhesive side down, such that the adhesive is in contact with the silicone surface [3.2.1 – CU].
3.2.1. Prestretch support as talent fixes it onto the silicone surface.
3.2.2. Variation of previous scene. Editors: pick what you prefer
3.3. Prepare a bath of boiling water and submerge the assembly, including the silicone membrane and adhesive support, into it [3.3.1 – MED-over the shoulder].  Whilst submerged, gently and slowly peel the PET substrate away from the silicone membrane [3.3.2 – CU or ECU] until they are completely separated [3.3.3].
3.3.1. Talent fills the bath and submerges the assembly into the bath.
3.3.2. Membrane as talent slowly peels the PET substrate away from the silicone membrane.
3.3.3. Show the separated membrane from PET substrate
3.4. Remove the silicone membrane from the water bath and let it dry; a nitrogen gun can be used to speed-up the drying process [3.4.1 – MED].
3.4.1. Talent uses a nitrogen gun to dry the silicone membrane.
3.5. Measure the thickness of the membrane with a transmission interferometer (pronounced as “in-ter-fuh-rom-i-ter”) according to the manufacturer’s protocol [3.5.1 – MED-over the shoulder and 3.5.2].  
3.5.1. Talent measures the thickness of the membrane with a transmission interferometer.
3.5.2. Close op of previous scene
3.6. Set the prestretcher to a diameter of 45 millimeters and place the prestretch support-silicone membrane on the stretcher fingers, adhesive side down [3.6.1 – CU].  Cut the prestretch support between the stretcher fingers [3.6.2 – MED-over the shoulder].  
3.6.1. Prestretch support silicone membrane as talent places it adhesive side down onto the prestretcher that is set to 45 mm.
3.6.2. Talent cuts the prestretch support between the stretcher fingers.
3.7. Then, place the radial ruler on the stretcher [3.7.1] and rotate the prestretcher annulus anti-clockwise to increase the diameter of the prestretcher to 58.5 millimeters to equi-biaxially (pronounced as “ee-kwee bahy-ak-see-uh l lee”) prestretch the membrane by a factor of 1.3 [3.7.1 2– CU].
3.7.1. Radial ruler is placed on the stretcher
3.7.2. Prestretcher as talent increases the diameter to 58.5 mm by rotating the prestretcher annulus anti-clockwise.
3.8. Next, remove the cover film from the PMMA membrane holder, exposing the adhesive [3.8.1 – MED-over the shoulder].  Stick the PMMA membrane holder onto the prestretched membrane surface [3.8.2 – MED].
3.8.1. Talent removes the cover film from the PMMA membrane holder exposing the adhesive.  TEXT Overlay:  PMMA = poly(methyl methacrylate 
3.8.2. Talent sticks the PMMA membrane holder onto the prestretched membrane surface
3.9. Cut around the membrane holder to remove the prestretched membrane from the stretcher [3.9.1 – CU].  Then, measure the final thickness of the prestretched membrane with a transmission interferometer [3.9.2 – MED-over the shoulder].
3.9.1. Membrane as talent cuts around to remove the prestretched membrane from the stretcher.
3.9.2. Talent measures the final thickness of the prestretched membrane with a transmission interferometer. 
4. Patterning compliant electrodes by pad printing
4.1. To setup the pad printing machine, install the cliché (pronounced as “klee-shey”) with the desired electrode pattern on the magnetic block [4.1.1 - MED-over the shoulder].
4.1.1. Talent installs the cliché with the desired electrode pattern on the magnetic block  
4.2. Place the cliché block on top of the ink-filled ink-cup [4.2.1 – CU] and install the assembly in the machine [4.2.2].
4.2.1. Cliché block/ ink-filled inkcup as talent places the cliché block on top of the ink-filled inkcup  TEXT Overlay:  see text for conductive ink preparation
4.2.2. Install the assembly in the machine.  
4.3. Place the aligner plate on the printer base [4.3.1 – MED].  Initiate a printing cycle on the pad printing machine [4.3.2 - CU], which will apply the electrode design on the aligner plate [4.3.2 3– MED-over the shoulder CU].
4.3.1. Talent places the aligner plate on the printer base.
4.3.2. Pad printing machine front panel as operator presses the button to initiate the printing cycle.
4.3.3. Aligner plate as electrode is applied.
4.4. Visually inspect the overlap of the printed electrode and the etched reference structure of the aligner plate [4.4.1 – CU].  Move the x-y-theta stage to correct for any misalignment [4.4.2 – MED-over the shoulder].
4.4.1. Overlap of the printed electrode and the etched reference structure of the aligner plate as talent visually inspects.
4.4.2. Talent moves the x-y-theta stage to correct for misalignment.
4.5. Visually inspect the alignment with the reference structure and continue moving the platform position and printing electrodes until a perfect superposition of the printed pattern on the reference structure is obtained [4.5.1 – MED]/[4.5.2 – CU].
4.5.1. Talent visually inspects the alignment with the reference structure and continues to move the platform position and printing electrodes to obtain a perfect superposition of the printed pattern on the reference structure.  Match/continue action in next shot.
4.5.2. Silicone membrane on platform as talent inspects the alignment with the reference structure and continues to move the platform position and printing electrodes to obtain a perfect superposition of the printed pattern on the reference structure.
4.6. Place a prestretched membrane on the printer base [4.6.1 – MED].  On the pad printing machine, launch a printing cycle to stamp the electrode on the top side of the membrane [4.6.2 – MED-over the shoulder].  Stamp the membrane twice to ensure a sufficient electrode thickness of about 4 microns [4.6.3 – CU]. 
4.6.1. *Film as written.
4.6.2. Printing machine as talent launches a printing cycle to stamp the electrode on the membrane top side.
4.6.3. Membrane as it is stamped.
4.7. After repeating the printing process until all prestretched membranes are stamped, place the membranes with the stamped electrode in an oven at 80 degrees Celsius for 30 minutes [4.7.1 – MED].
4.7.1. Talent places the membranes with stamped electrode in the oven.
4.8. Then, place one of the printed membranes upside down on the printer base, exposing the back side of the membrane [4.8.1 – CU].  Initiate a printing cycle to pattern the bottom electrode [4.8.2 – MED-over the shoulder].
4.8.1. Printed membrane as talent places upside down on the printer base, exposing the membrane back side.
4.8.2. Talent initiates the printing cycle to pattern the bottom electrode.
4.9. To finish the actuator, place the membranes in the oven at 80 degrees Celsius for 30 minutes to cross-link the bottom electrode [4.9.1 – CU].
4.9.1. Membranes as talent places into the oven.
5. Creating electrical connections
5.1. To create the electrical connections, first remove the protective backing of the actuator frame to expose the adhesive [5.1.1].  Then apply an 18 millimeter by 2.5 millimeter piece of tape on the part of the actuator frame that will come into contact with the bottom electrode and fold it to the side of the frame to provide an accessible electrical contact [5.2.2].
5.1.1. Actuator Frame as protective layer is peeled off. TEXT Overlay:  see text for preparation of actuator frame
5.1.2. Actuator frame as talent applies an 18 mm x 2.5 mm piece of conductive tape on the part of the actuator frame that will come into contact with the bottom electrode.
5.2. Then, slide the actuator frame inside the membrane holder, and gently press the membrane with fingers to stick it to the adhesive of the actuator frame [5.2.1 – MED-over the shoulder].  
5.2.1. Talent slides the actuator frame inside the membrane holder and gently presses the membranes with fingers to stick it to the actuator frame.
5.3. With a scalpel, cut the membrane at the border between the membrane holder and actuator frame and remove the membrane holder [5.3.1 – CU].
5.3.1. Actuator frame as talent cuts the membrane at the border between the membrane holder and actuator frame and removes the membrane holder. 
5.4. Apply a second piece of 18 millimeter by 2.5 millimeter conductive tape on the contact zone of the top electrode [5.4.1 – MED-over the shoulder].
5.4.1. Talent applies a second piece of 18 mm x 2.5 mm conductive tape on the contact zone of the top electrode.
5.5. Finally, place a wire on each piece of conductive tape to make an electrical connection [5.5.1 – CU]/[5.5.2].  Connect the two wires to a high voltage source, and apply a 2 Hertz square signal of 2 kiloVolts amplitude [5.5.2 3– MED-over the shoulder].  
5.5.1. Conductive tape as talent places a wire on top side
5.5.2. Conductive tape as talent places a wire on backside
5.5.3. Talent connects the two wires to a high voltage source and applies the signal.
5.5.4. CU of the functional actuator as talent applies the signal.  Editors, this shot is listed here for the videographer to obtain, but it is to be used in the results section and not here.
6. Results: Analysis of functional silicone-based dielectric elastomer actuator
6.1. The dry film thickness of the casted silicone membrane depends on the gap setting of the applicator, but also on the coating speed [6.1.1 – LM].  The influence of the speed is more important for thicker membranes [6.1.2 – LM].
6.1.1. 53423_Rosset_Figure1.eps
6.1.2. 53423_Rosset_Figure1.eps.  Editors, please highlight the top, right four points on the plot.
6.2. Application of an electric field above 100 Volts per micron at a frequency of 1Hertz shows that the actuator can achieve large deformations [6.2.1 – CU]. 
6.2.1. Please use shot 5.4.3 here (functional actuator as talent applies the signal).
6.3. The diametral (pronounced as “dahy-am-i-truh l”) actuation stretch of the actuator shows a quadratic dependence relative to the applied direct current voltage [6.3.1 – LM].
6.3.1. 53423_Rosset_Figure2.eps

7. Conclusion (said by authors on camera)

7.1. Samuel Rosset: After watching this video, you should have a good understanding of how to fabricate planar dielectric elastomer actuators with low response time – an advantage of using low mechanical loss silicone elastomers [7.1.1 – MED].
7.1.1. Samuel speaks toward the camera, interview style.
7.2. Oluwaseun Araromi: The key point of this procedure is the ability to make reproducible actuators with well-defined electrodes.  Our fabrication process shows a possible route towards the large-scale fabrication of dielectric elastomer actuators [7.2.1 – MED].
7.2.1. Oluwaseun 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.  
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53423_Rosset_Figure3.tiff
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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