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Title: Fabrication and Characterization of a Conformal Skin-Like Electronic System for Quantitative, Cutaneous Wound Management
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? Not much (however there are spots where the kit is needed)
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? No
C.  Which steps of your protocol will viewers benefit most from having filmed? They are highlighted in yellow in the script.
D.  Will the filming need to take place in multiple locations? (Y/N)  Yes
If yes, how far apart are the locations? Just across a road, within 0.1 mile.
1. Introduction (Schematic Overview and Interview)
A. The Schematic Overview (read by voice talent at JoVE):
The overall goal of this procedure is to fabricate a skin-like electronic device for quantitative, cutaneous wound management. (Intro)  This is accomplished by first developing an electronic device on a carrier substrate. (P1)  The second step is to prepare an elastomeric membrane to embed the electronics. (P2)  Next, the fabricated electronics are retrieved from their fabrication compound and transferred onto the membrane. (P3)  The final steps are to enclose the electronics with a silicone coating and connect a flexible cable for data acquisition. (P4)  The completed device is laminated near the wound tissue of a patient to monitor time-varying temperature and tissue thermal conductivity as wound management. (P5)
Video editor:

There are ai files for each section, but they were hard for me to attach here.  Please just see the folder.  There are two images for P3, making Part 1 and Part 2.

P1 – begin with the gray silicon layer and have each subsequent layer drop down from above and attach to it directly.  Add the color key as each layer starts dropping down (4 layers drop onto silicon).  The drops should be quick with brief pauses.  The layers should be tight against each other.

P2 – Show silicone (black) pour into empty dish and then become the image provided by authors.

P3 – Part 1: Have a piece of tape attach to the construct made in P1 and then peel away, leaving the silicon (grey) behind and the pattern on the tape.  Part 2: Move the tape+pattern onto the black circle, then cut the black shape from the black circle and drop out the dish and excess black.

P4 -  have the two gold rods move in from the left and attach where seen.

P5 – show skin-colored shape with red abrasion first, then flip over the object completed in P4 and attach it to the location seen in P5. 
B.  Introductory Interview (said by you on camera -- don’t forget to smile!)  
1.1. Dong Sup Lee: The main advantage of this device over existing tools based on microscopic visual inspections, is that it can provide multi-functional, quantitative monitoring of temperature and thermal conductivity near the wound tissue.   
1.2. Woon-Hong Yeo: The soft and biocompatible skin-wearable device provides the functions and characteristics for the use in the clinical settings and it has a great potential to address important issues in chronic wound management.

C. The Protocol Section (read by voice talent at JoVE)
2. Preparing the Carrier Substrate
2.1. This spin-coating protocol can be performed on silicon wafers of any size.   [WID]
2.1.1. Establishing shot of talent unpacking some wafers

2.2. To begin, degrease the wafers with acetone and isopropyl alcohol. [CU]
2.2.1. [2.2.1 to 2.3.1 combined] Film as written

2.3. Then, rinse them in deionized water and dry them under nitrogen. [MED]
2.3.1. Rising [split shot?] and drying wafer(s)

2.4. Dehydrate the wafer for three minutes on a hotplate set to 110 ºC. [CU]
2.4.1. Setting wafers on hotplate

2.5. Now, spin coat 5 grams of PDMS onto the wafers at 3000 rpm for a minute. [MED]
2.5.1. Setting up the spin coater and running process
2.6. Complete the process by curing the wafers on a hotplate set to 150 ºC for half an hour. [MED]
2.6.1. Setting wafers on different hotplate and starting a timer 


3. Patterning the Electronics
3.1. After UV treating the PDMS-coated wafers for 3 minutes, [3.1.1 - WID] spin coat polyimide onto the wafers.  Apply 2 milliliters with a pipette [3.1.2 - MED] and spin at 4000 rpm for a minute for a 1.2 micron layer.  [3.1.3 - MED]
3.1.1. UV-treating waters

3.1.2. [3.1.2 to 3.1.3 combined] Applying PDMS to wafers in spin-coater

3.1.3. Setting spin-coat setting and starting cycle

3.2. Then, pre-bake the wafers on a hotplate at 150 ºC for five minutes [2.6.1] and bake them in an oven at 250 ºC for two hours. [3.2.1 - WID]
3.2.1. Loading into oven

3.3. Next, using an electron-beam evaporation [3.3.1 – WID] deposit a 20 nanometer thick layer of chromium, for adhesion, [3.3.2 – MED/TEXT] followed by a 3 micron thick layer of copper, for conductivity. [3.3.3 – CU/ TEXT]
3.3.1. Establish the electron-beam evaporation

3.3.2. Using electron-beam evaporation to apply chromium – dialing in the parameters and operating the tool, TEXT: base pressure: 10-7 Torr, deposition pressure: 10-6 Torr, deposition rate: 1 – 5 Angstroms / sec

3.3.3. Using electron-beam evaporation to apply copper – show any interesting detail, TEXT: base pressure: 10-7 Torr, deposition pressure: 10-6 Torr, deposition rate: 1 – 5 Angstroms / sec
3.4. Next, spin coat two milliliters of photoresist onto the wafers in three steps for a sub-10 micron layer.  [MED/TEXT]
3.4.1. Applying photoresist to wafers in spin-coater, running program, TEXT: 900 rpm for 10 sec, 1100 rpm for 60 sec, 4000 rpm for 20 sec

3.5. Now, cure the wafers on a 75 ºC hot plate for 30 minutes. [MED]
3.5.1. Film as written
3.6. Next, use a UV aligner at 10 milliWatts per second [3.6.1 - MED] to center the copper electronic pattern to the wafer.  Use an exposure time of 25 seconds.  [3.6.3 – CU]

3.6.1. [3.6.1 to 3.6.2 combined] Programming UV aligner

3.6.2. Centering pattern with aligner

3.7. A fractal pattern is used to make sensors and an open mesh is made for the interconnects. [ECU/LM]
3.7.1. Detail of fractal pattern placed onto wafer – this shot could be substituted with image of the pattern provided by the lab if the pattern can’t be focused [take 2 audio slated to 3.9.1]
3.8. Develop the photoresist in 33% developer solution for one minute. [MED]
3.8.1. Pouring solution bath and putting wafers in bath or pouring solution over wafers

3.9. Then, rinse the chips with deionized water and dry them under a nitrogen stream. [2.3.1]
3.10. Before proceeding, check the patterns under a microscope for defects. [SCOPE]
3.10.1. Scanning for patterns [audio slate with 3.13.1]
3.11. Next, etch the copper on the wafer using a 6-minute bath in chemical etchant.  [MED]
3.11.1. Pouring bath and transferring wafers to bath
3.12. Following the etching, rinse and dry the wafers, as before. [2.3.1]
3.13. Check the etched patterns under a microscope; greater than 20% over-etching of the copper leads to mechanical failures. [SCOPE, TEXT]
3.13.1. scanning the etched patterns, record the dialogue so the editor knows if there is too much over-etching and when there isn’t too much over-etching, use just one of two text overlays: TEXT: < 20% over-etching or TEXT: > 20% over-etching
3.14. To etch the chromium layer, use five minutes of reactive ion etching. [MED/TEXT]
3.14.1. Representative action of reactive ion etching, talent’s choice, TEXT: 300 mTorr, 200 W, 5 sccm CF4(g), 10 sccm O2(g) [2 shots, MED + CU “after”]
3.15. After checking the etching, remove the remaining photoresists with 10 ml of acetone, [3.15.1 – MED] followed by 10 ml of isopropanol [3.15.2 – MED] and, thirdly, 20 ml of deionized water. [3.15.3 – MED]
3.15.1. [3.15.1 to 3.16.1 combined] Pouring acetone bath and putting wafers in bath
3.15.2. Pouring isopropanol bath and putting wafers in bath
3.15.3. Pouring water bath and putting wafers in bath
3.16. Follow the baths by drying the wafers under a nitrogen stream. [CU]
3.16.1. Film as written
4. Transferring the Electronics to a Silicone
4.1. For this protocol, make 10 grams of an encapsulating silicone mixture [4.1.1 – WID] for the target material onto which the electronics will be transferred. [4.1.2 – MED]
4.1.1. [4.1.1 to 4.1.2 combined, use take 2] Adding components to mixing vessel
4.1.2. Mixing up encapsulated silicone
Narrator: this is silicone, not silicon (as before).

4.2. Onto a 10-cm wide Petri dish, spin coat 8 grams of mix, at 150 rpm for a minute, [4.2.1. – MED] for a half millimeter silicone coating.  Let this cure overnight at room temperature. [4.2.2 – CU/TEXT]
4.2.1. [4.2.1 to 4.2.2 combined, mis-slated 4.2.1 take 1] Setting up and running silicone spin coat cycle
4.2.2. spin-coated dish, talent positions ruler next to dish to show 1/2 mm depth of silicone, TEXT: Cure O/N at RT.
4.3. Next, attach sized pieces of water soluble tape [4.3.1 - CU] onto the patterned chips to act as a laminate surface for the electronic patterns.  [4.3.2 – CU]
4.3.1. [4.3.1 to 4.3.2 combined] Cutting tape to size

4.3.2. Placing tape onto patterned chips
4.4. After attaching the tape, heat the wafers for three minutes at 130 ºC. [MED]
4.4.1. Placing chips onto heat block, starting timer
4.5. Then, rapidly peel the tape off to detach and retrieve the electronics. [CU]
4.5.1. Peeling tape off, show patterns stuck to tape
4.6. Onto the retrieved patterns, use e-beam evaporation [4.6.1 – WID] to deposit 20 nanometers of Chromium for extra adhesion. [4.6.2 – CU] Then, deposit 50 nanometers of silicon dioxide onto the Chromium layer. [4.6.2 – ECU]
4.6.1. Establish talent setting up at e-beam

4.6.2. Adding Chromium to patterns on tape (use a general MED shot of setting up to use the e-beam if this the suggested shot isn’t possible)

4.6.3. Adding silicon dioxide to patterns on tape (show the tape with completed deposition if the suggested shot isn’t possible)

4.7. Now, retrieve the silicone layer and treat it with 365-nanometer UV light [4.7.1 – WID] for two minutes at 8.9 milliWatts per square-centimeter.  This activates the surface. [4.7.2 – MED]
4.7.1. [4.7.1 to 4.7.2 combined] arrives to bench, places silicone dish under UV (show use of eye protection)

4.7.2. turns on UV (shielded from eyes) and starts a timer

4.8. With the silicone activated, press the retrieved electronics into the silicone.  Spread them out evenly on the target material.  [ECU]

4.8.1. [4.8.1 to 4.9.1 combined] Film as written, show spacing of patterns
4.9. Then, treat the tape with water to dissolve it [4.9.1 – CU] and, after five minutes, peel away the tape.  [4.9.2 – CU]
4.9.1. Adding water to dish

4.9.2. Film as written
4.10. Then, rinse the silicone with deionized water [4.10.1 -0 ECU] and dry on a 90 ºC hot plate for a minute. [4.10.2 – MED]
4.10.1. [4.10.1 to 4.10.2 combined] Rinsing silicone with water, show patterns attached to it
4.10.2. Placing silicone dish on 90 ºC hot plate
5. Assembling the Device
5.1. To create the “device”, [5.1.1 – WID] start by covering the contact pads with a rectangular piece of PDMS using van der Waals bonding force. [5.1.2 – CU]
5.1.1. [5.1.1 to 5.1.2 combined] Establishing shot

5.1.2. Attaching PDMS to pads

5.2. Now, onto the transferred electronics, spin coat 5 grams of encapsulated silicone mixture [5.2.1 – CU] at 4000 rpm for a minute.  This makes a five micron thick layer, [5.2.2 – MED] which is cured overnight at room temperature. [5.2.3 – WID]
5.2.1. [5.2.1 to 5.2.2 combined] Adding silicone mix to electronics on silicone

5.2.2. Setting up and running spin coat cycle

5.2.3. Removing electronics from spin coat machine and setting it up to cure overnight
5.3. The next day, clean the sensor pads with half a milliliter of liquid steel flux for three seconds, [5.3.1 – CU] then bond a flexible ribbon cable to the contact points [5.3.2 – MED] with pressure and heat in excess of 60 ºC. [5.3.3 – CU]
5.3.1. Washing sensor pad with liquid steel flux later
5.3.2. [5.3.2 to 5.3.3 combined] Attaching ribbon cable to contacts
5.3.3. Applying pressure and heat to make secure contacts
5.4. Check the connections with a multimeter.  The resistance [5.4.1 – MED] between the sensor pad and the film cable, 1 centimeter apart, should be less than an Ohm. [5.4.2 – CU] [2 takes for alternate pronunciation of “multimeter”]
5.4.1. [5.4.1 to 5.4.2 combined, move to after 5.6] Attaching multimeter

5.4.2. View of attachment with multimeter reading at < 1 Ohm

5.5. Bond the other end of the ribbon cable [5.5.1 – CU] to a customized circuit board in the same way. [5.5.2 – CU]
5.5.1. [5.5.1 to 5.5.2 combined, use take 2] Attaching ribbon cable to circuit board

5.5.2. Using heat and pressure to secure attachment

5.6. Finally, connect the device [5.6.1 – MED] to data acquisition hardware by soldering conventional wires to the PCB. [5.6.2 – ECU]
5.6.1. [5.6.1 to 5.6.2 combined] Preparing to already soldered
5.6.2. Making soldering connections 
6. Characterization of the Device and Clinical Application 
6.1. Using the described protocol, the electronic-sensor device was fabricated.  The flexibility of the device was examined.  Mechanical fracture under tensile strain did not occur and the device was functional. [2 takes for alternate pronunciation of “tensile”]
6.1.1. Fig 3a

6.2. The resistance at six sensor locations was measured using a high precision hot plate.  There was a linear relationship, showing that the sensors were well-calibrated to detecting subtle changes in temperature.

6.2.1. Fig 3b

6.3. Furthermore, an adapted three-omega signal was used to evaluate the thermal conductivity with the device.

6.3.1. Fig 3c

6.4. In a clinical setting, the device was used to monitor wound healing post-surgery for up to a month.  The temperature of the wound healing process was thus measured.  
6.4.1. Fig 5a – panel 1

6.4.2. Fig 5a – panel 2

6.4.3. Fig 5a – panel 3

6.4.4. Fig 5a – panel 4
Video editor: advance through the four panels evenly with the narrative.
6.5. There was intense inflammation at the wound site at day three, which is reflected by the temperature spike measured by the device.

6.5.1. Fig 5b
7.  Conclusion 
7.1. Woon-Hong Yeo: After watching this video, you should have a good understanding of how to fabricate a conformal, skin-like electronic system for quantitative wound management on patients.

List of Provided Media (provided by you)
6.1 –

6.2 –

6.3 –
6.4 - Fig 5a_1.tif – figure image of an electronic device near the wound on Day 1 

6.4 - Fig 5a_2.tif – figure image of an electronic device near the wound on Day 3 

6.4 - Fig 5a_3.tif – figure image of an electronic device near the wound on Day 15 

6.4 - Fig 5a_4.tif – figure image of an electronic device near the wound on Day 30

6.5 -
P1.ai – illustration: developing an electronic device on a carrier substrate. (P1)

P2.ai – illustration: to prepare an elastomeric membrane to embed the electronics. (P2)

P3.ai – illustration: the fabricated electronics is retrieved and transferred onto the membrane. (P3)

P4.ai – illustration: to enclose the electronics with a silicone and connect a flexible cable for data acquisition. (P4)

P5.ai – illustration: The completed device is laminated near the wound tissue of a patient to monitor time-varying temperature and tissue thermal conductivity as wound management. (P5)
Authors, separate image files for Fig 3a, Fig 3b, Fig 3c, Fig 5b are also needed.
GENERAL PREPARATION NOTES
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, as well as an introduction to your videographer, closer to your filming date.
 2015, Journal of Visualized Experiments


