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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (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). 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.
Our IT department has asked whether you are able to connect the recording equipment directly to the monitor. 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) Steps 3.3-3.8___________________________________________

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 using the step numbers listed in this document. (Please do not list entire sections.) One of the most important steps is to ensure that the substrate material is sufficiently clean to provide the best conditions to produce a uniform coating (step 3.1).  However, the most difficult step is the setup of the print parameters. If done correctly, a uniform coating and high quality print can be achieved (step 3.7). 

E.  Will the filming need to take place in multiple locations? (Y/N) _______ If yes, how far apart are the locations? We have a small lab next to the printer which can be used for making the ink; however it may not be big enough to get the recording equipment inside. How much room is required?
1. Introduction (Experimental Goal and Author Interviews)
A. Experimental Goal (read by voice talent at JoVE):

The overall goal of this experiment is to formulate, characterize and measure the performance of titanium dioxide inks in printed layers. The viability of inkjet printing for the production of dye sensitized solar cells was also investigated.

B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)

1.1. Vannessa Goodship: Inkjet printing can deposit a wide range of functional materials from a digital-based image. The main advantage of this technique is the ability to rapidly fabricate patterns onto a substrate.
1.2. Vannessa Goodship: The development of inks containing functional materials allows complex electronic devices such as dye sensitized solar cells to be produced by these techniques.
C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)

1.1. Ben Wood: Inkjet printing can potentially deposit several layers of material within a single unit operation to produce an entire device.

1.2. Ruth Cherrington: Visual demonstration of this method is critical as the ink rheology and printing parameters can strongly influence the quality of the printed structures.
D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!)
1.3. Ruth Cherrington: Demonstrating the procedure alongside me will be Iulia Salaoru, an expert working in the field of additive manufacturing.

1.3.1. Interview style: Author saying the above 

1.3.2. The named technician, post doc, student looks up from workbench or desk or microscope and acknowledges the camera.

Protocol (read by voice talent at JoVE):
2. Formulation of the Ink
2.1. To begin the ink formulation process, first add 32 g of a 0.1 mM aqueous solution of hydrochloric acid to 8 g of a compatible solvent such as dimethylformamide.

2.1.1. MED: Talent walks to the fume hood and picks up a flask labeled hydrochloric acid solution, TEXT: pH 4
2.1.2. CU: Talent pours the flask contents into another flask containing the solvent, TEXT: Solvent with higher boiling point and lower surface tension than water
2.2. Next, add 1.5 g of a 45% aqueous solution of propylene glycol, tetramethyl-5-decyne-4,7-diol, and ethoxylated alcohol, to act as a dispersing additive.

2.2.1. MED over the shoulder: Talent adds the dispersing additive to the flask, TEXT: Ratio 10-20:10:5 %

2.3. To prevent the ink drying at the printing nozzles, add 10 g of ethylene glycol to the mixture to act as a humectant.
2.3.1. CU: Talent adds ethylene glycol to the flask
2.4. Continue by adding 0.5 g of a defoaming agent, a 20% solution of acetylenic diol in methoxypolyethyleneglycol, to prevent air bubbles from developing.
2.4.1. CU Talent pipettes defoaming agent into the flask

2.5. Subsequently, test the ink by hand shaking an aliquot in a closed container for 60 seconds. If any foam is observed, add another 0.5 g of the defoaming agent to the ink.
2.5.1. MED: Talent shakes the container by hand and then visually inspects the solution

2.5.2. ECU: Show foaming in ink

2.5.3. CU: Talent adds more defoaming agent
2.6. After the shake test, stir the ink solution for 8 hours at room temperature with a magnetic stirrer to ensure homogeneity.
2.6.1. MED: Talent places the flask on a magnetic stirrer, adds a stir bar and starts the stirring
2.7. Follow by adding the solution to 1.5 g of titanium dioxide nanoparticles.

2.7.1. CU: Talent adds titanium dioxide to the flask, TEXT: Particle size 21 nm and surface area 35-65 m2/g Cut the shot before the magnetic stirrer falls into the beaker.
2.8. Complete the formulation of the ink by sonicating it for 15 minutes using an ultrasound probe.

2.8.1. MED over the shoulder: Talent places an ultrasound probe into the ink and starts the sonication, TEXT: 15 min, 60 Hz.
3. Inkjet Printing

3.1. Prior to initiating printing, soak the glass substrates in a 2 wt% solution of cleaning detergent in deionized water for 24 hours. Remove the substrates and rinse thoroughly with deionized water before use.

3.1.1. CU: Talent places glass substrates into a container of cleaning solution

3.1.2. MED: Talent removes the substrates from the solution and washes them with water, TEXT: IMPORTANT: Wash thoroughly

3.2. Before loading the ink into the print cartridge and head, filter it through a 5 µm polyvinylidene fluoride filter…, followed by a 1.2 µm filter to remove any large particulates, which can clog the nozzles.

3.2.1. MED over the shoulder: Talent fits a filter funnel with a polyvinylidene fluoride filter and pours the ink onto the filter loads the ink into a syringe, fits a 1.2 µm polyvinylidene fluoride filter to the end and forces the ink through the filter.
3.2.2. MED: Talent pours the filtrate onto the new filter, TEXT: For 40 µm nozzle diameters, ink particle size must be < 400 nm.

3.3. Flush the print head with ink through the port located on its side to displace any air or cleaning solution left within the reservoir and nozzles.

3.3.1. CU: Talent slowly pipettes ink in through the side port of the printer head
3.4. Insert the print head into the printer and connect it to the head personality board. 
3.4.1. MED: Talent transfers the printer head to the printer and connects it

3.4.2. [moved] MED over the shoulder: Talent loads glass substrate into the printer 

3.5. Continue by loading the ink into the 150 ml syringe located above the print head and seal it by attaching an airtight cap to the top of the syringe. Follow this by loading the glass substrate into the printer according to the manufacturer’s instructions.
3.5.1. CU: Talent pipettes ink into the printer syringe

3.5.2. CU: Talent seals the top of the syringe with a cap
3.4.2
[moved] MED over the shoulder: Talent loads glass substrate into the printer 
3.6. Turn on the attached vacuum pump and purge the ink through the print nozzles by pressing the purge button located on the vacuum pump.
3.6.1. MED: Talent turns on the printer vacuum pump 

3.6.2. CU: Talent presses the vacuum pump purge button
3.7. Using the GIS (pronounced G-I-S) software on the printer’s computer, connect to the print server, and set the waveform and printing parameters.

3.7.1. MED: Talent sits at the printer’s computer and opens the software, TEXT: GIS: Geographic information system
3.7.2. SCREEN: Showing opening of the software, and setting of the correct waveform and printing parameters, *To be supplied by authors
3.7.3. LAB MEDIA: (Video Editor: Use Print parameters screen shot.png, the supplied screen shot of the printing parameters if screen capture video is not available)
3.8. Select and load the desired pattern, and then print it onto the glass substrate according to the manufacturer’s instructions.
A selection of shots were made here to show the printing process.
3.8.1. SCREEN: Showing loading of the print pattern and setting of the print speed, *To be supplied by authors
3.8.2. LAB MEDIA: (Video Editor: Use Pattern screen shot.png, the supplied screen shot of the desired printing pattern if screen capture video is not available)
3.8.3. LAB MEDIA: (Video Editor: Use Print speed screen shot.png, the supplied screen shot of the print speed parameter if screen capture video is not available), TEXT: Optimal print speed 0.3 ms-1
Authors: Will you be able to provide screen capture video to cover the shots 3.7.2, 3.8.1.and 3.8.2 above? Please name the files with appropriate shot number as per the instructions below.
3.9. To complete the process, remove the substrate and heat the printed film on a hot plate.
3.9.1. MED over the shoulder: Talent removes the substrate from the printer
3.9.2. MED: Talent transfers the substrate to an oven and sets the temperature, TEXT: 30 min at 150 ºC; 30 min at 250 ºC.
4. Manufacturing of the Dye-sensitized Solar Cell (DSSC)
4.1. Using a diamond glass cutter, cut around the printed area to produce a smaller piece approximately 20 mm square. To start manufacture of the dye-sensitized solar cell, prepare a dye solution by stirring 20 ml of ethanol and 2 mg of ruthenium dye in a glass beaker for 8 hours.

A selection of shots were made to demonstrate this.
4.1.1. MED: Talent pours ethanol into the beaker then adds the ruthenium dye Unfortunately we were unable to use the dye powder so had to use the pre-prepared solution. Can you please try to cut the shot so that the syringe is not visible.
4.2. Next, submerge the titanium dioxide coated glass in the dye solution at room temperature for 24 hours to allow the dye to absorb onto the surface of the titanium dioxide particles.

4.2.1. CU: Talent submerges the coated glass in the dye solution, need enough footage to cover the VO
4.3. Remove the glass from the solution and place the coated side upward on tissue paper. Subsequently, place a pre-cut 60 µm thick thermoplastic sealing spacer on top of the conductive glass, around the titanium dioxide coating.
4.3.1. MED: Talent removes the glass form the dye solution and places it on tissue paper

4.3.2. MED: over the shoulder: Talent carefully places a plastic sealing spacer over the coated glass

4.4. Place a platinum-coated counter electrode with a pre-drilled hole in the center on top of the thermoplastic sealing spacer so that both active sides face each other, and there is enough overlap so that electrical contact can be made.

4.4.1. CU: Talent places an electrode on top of the spacer
4.4.2. ECU: Focus on the edge of the cell showing the overlap of the electrodes as they are connected
4.5. Heat the cell on a hot plate at 110 ˚C…       and apply light pressure with tweezers over the area of the sealing spacer for 30 seconds to seal the electrodes together.
4.5.1. MED: Talent transfers the cell to a hot plate

4.5.2. CU: Talent presses on the area of the cell over the spacer with a pair of tweezers
4.6. Complete manufacture of the cell by injecting 50 mM iodide/tri-iodide electrolyte in acetonitrile into the pre-drilled hole to fill the gap between the two electrodes.

4.6.1. ECU: Focus on the hole in the center of the electrode as the talent injects electrolyte to fill the space
5. Results: Performance Characteristics of the Inkjet Printed DSSC

5.1. The average size of the ink’s titanium dioxide particles was measured using dynamic light scattering. An overall average size of 80 nm was observed, well within the requirement of 100 fold smaller than the print nozzle opening of 40 m.

5.1.1. LABMEDIA: Use Step 1.10 – DLS.docx (Video Editor: Highlight the trace of the graph and X axis label “Average particle size” when “average size of the ink’s” is said and have a label “80 nm” appear on the X axis at the 80 nm marker and a vertical line from the marker up to the trace appear when “average size of 80 nm” is said).
5.2. Current-density/voltage curves were obtained for inkjet-printed and commercial doctor-bladed DSSCs under identical illumination conditions. The short circuit current density for the inkjet-printed cell is significantly lower than that of the doctor bladed cell, indicating a lower conversion efficiency.
5.2.1. LABMEDIA: Use Figure 1 – UPDATED_Current-voltage density characteristics of the DSSCs.docx (Video Editor: Highlight the black trace when “inkjet-printed” is said and highlight the red trace when “doctor-bladed” is said. Then, highlight the point at which the black trace intersects the Y axis when “inkjet-printed cell” is said, followed by highlighting the point at which the red trace intersects the Y axis when “doctor bladed cell” is said).
5.3. The key parameters for inkjet-printed and doctor-bladed cells are open circuit voltage and short circuit current. These two parameters were used to calculate the cells’ efficiency.

5.3.1. LABMEDIA: Use Table1.xlsx (Video Editor: Highlight the column in table 1 headed “open circuit voltage” when “open circuit voltage” is said and highlight the column headed “short circuit current” when “short circuit current” is said. Next, highlight the column in table 1 headed efficiency when ”efficiency” is said).
5.4. The thickness of the inkjet-printed titanium dioxide layer measured using a surface profiler was 2.6 m, significantly less than the doctor bladed technique of 18 m. This results in a lower efficiency for the inkjet-printed cell of 3.5%.
5.4.1. LABMEDIA: Use Table1.xlsx (Video Editor: Highlight the cell in Table 1 that contains the value “2.6” when “2.6 m” is said and highlight the cell in Table 1 that contains the value “18” when “18 m” is said. Follow by highlighting the cell in Table 1 that contains the value “3.5” when “3.5%” is said).
5.5. The fill factor for both the inkjet-printed and doctor-bladed cells was low. This indicates high internal resistance within the cells and room for improvement in both designs.
5.5.1. LABMEDIA: Use Table1.xlsx (Video Editor: Highlight the column in table 1 headed ‘fill factor” when “fill factor’ is said).
6. Conclusion (said by authors on camera)
6.1. Ben Wood: After watching this video, you should have a good understanding of how to create a nanoparticle ink, use digital printing techniques to deposit a layer of titanium dioxide nanoparticles, and manufacture dye sensitized solar cells.

6.2. Ruth Cherrington: Ongoing work is focused on extending these approaches to improve the performance of the printed devices and evaluate how different materials can be incorporated into additional printed layers.
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.

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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