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Title: Experiments on Ultrasonic Lubrication using a Piezoelectrically-assisted Tribometer and Optical Profilometer
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? NO

B.   Does your protocol include detailed, step-by-step, descriptions of software usage? YES 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.  From the steps you’ve indicated that you would like filmed, which steps of your protocol will viewers benefit most from having filmed?  They are highlighted in blue.
D.  Will the filming need to take place in multiple locations? Yes - 500 ft. apart.
1. Introduction (Schematic Overview and Interview)
A. The Schematic Overview (read by voice talent at JoVE):
The overall goal of the following experiment is to investigate the dependence of friction and wear reduction on linear velocity in ultrasonic lubrication.  (Intro)  
This is achieved by first conducting tests on a modified pin-on-disc tribometer while recording real time friction forces during the tests. (P1)  
As a second step, an optical profilometer is utilized to characterize wear, providing 2D and 3D profiles, surface roughness, and volume losses in the grooves. (P2)  
Next, friction and wear reduction at three linear velocities are quantified using measured friction forces and calculated wear rates. (P3) 
The results show that ultrasonic lubrication reduces effective friction force by up to 62%, and surface wear by up to 49%. Friction reduction decreases as linear velocity increases, while wear reduction remains essentially constant at the three linear velocities considered. (P4)
Video editor:
This should be relatively simple.
P1 – Begin with the showing the panel on the left side, the modified pin-on-disc tribometer.  Animate this by first drawing the disc, then then the pin and then all the attachments to the pin.
P2 – At “optical profilometer” move the sample disc out the arrangement, shrink it down and place it under the blue microscope to make the left-side panel.  The right-side panel stuffs can be slid off to the side, off screen.
P3 – Show Fig 3.  The key on the left needs to be enlarged and shown below the graph for this to fit the screen better.  You can animate the addition of the data from left to right, first green, 2nd blue, 3rd red.  (This needs to be done for the results section too.)
P4 – Show Table 3, modify it to fit the screen, as shown in the results section.
[image: image1.png]Normal Thermocouple
load

Signal
generator

~~| Modified pin-on-disc tribometer Optical profilometer





B.  Introductory Interview (said by you on camera -- don’t forget to smile!)  
1.1. Marcelo Dapino: Ultrasonic lubrication is a well-established technology for reducing and controlling the effective friction coefficient between sliding objects. It works by vibrating one or both objects at ultrasonic frequencies, that is above 20 kHz.
1.2. Sheng Dong: Ultrasonic lubrication has been implemented in manufacturing processes such as extrusion and wire drawing. Being a solid-state lubrication technology, it can be used in applications where traditional lubricants are undesirable, for example in space.
C. The Protocol Section (read by voice talent at JoVE)
2. Modified Pin-on-disc Tribometer Assembly
Video editor: there are some still images that could be used in addition to footage we collect.  The lab has described them in the Provided Media section.  I didn't list them under the shots, as I'm sure our footage will look better, but you have the stills – just in case.
2.1. To build the necessary tribometer, first assemble the chuck-motor subsystem. [WID]

2.1.1. arrives to table with DC motor

2.2. Perform this assembly on an isolation table.  First, level a DC motor with shims ... 

2.2.1. levels motor

2.3. … and fix its position using struts and bolts.  [CU]

2.3.1. [combined with 2.2.1] attaching a strut with bolts

2.4. Then, position the support frame around the motor. [MED]

2.4.1. finishing positioning of frame

2.5. Next, connect the splined shaft to the motor shaft using a key.  [CU]

2.5.1. film as written

2.6. Continue by sliding the support plate onto the splined shaft. [CU]

2.6.1. Film as written, plate has a hole

2.7. Then, position the thrust needle-roller bearing on the support plate. [MED]

2.7.1. film as written

2.8. Lubricate the bearing with cutting fluids if needed. [CU]

2.8.1. film as written, show lubricant type used (VO w/2.7.1)
2.9. To finish assembling the chuck-motor subsystem, connect the chuck to an adapter plate using three bolts, [2.9.1 – MED] and tighten the bolts. [2.9.2 – CU] Place the chuck on the support plate through the thrust needle-roller bearing. [2.9.3-CU]
2.9.1. putting plate into position

2.9.2. locking plate into position (take 2)
2.9.3. Added shot:  CU: Place the adapter plate and chuck on the bearing

2.10. Put the gymbal assembly with the support frame in place. [2.10.1 - MED] It has a horizontally oriented load cell connected to the gymbal arm by a wire to measure friction. [2.10.2 – CU]
2.10.1.  view of assembled gymbal attached to frame Add TEXT to shot 2.10.1: Consult the text protocol on the gymbal assembly.
2.10.2. detail of load cell on gymbal, wire and gymbal arm
2.11. Next, assemble the piezoelectric actuator.  First, insert a three-inch, threaded rod through the piezoelectric stack. [MED] [CU]
2.11.1. Feeding rod through hole in stack 
2.12. Secure it with washers and nuts, leaving about one-eighth inch of the rod available at one end.   Then, tighten the nuts to preload the stack. [CU]

2.12.1. tightening nut, leaving 1/8” of rod past nut {take 2}
2.13. Next, connect the long, exposed threads to the gymbal arm using nuts and washers. [MED] [CU]
2.13.1. film as written 
2.14. Thread an acorn nut onto the other end of the piezo-actuator for set-up purposes, not testing.  [CU]

2.14.1. film as written

2.15. Then, insert the disc to the chuck and adjust the position of the disc so that the acorn nut [2.15.1 – MED] is in contact with the top of the disc and the gymbal arm is level.  [2.15.2 – CU]

2.15.1. adjusting assembly height, gymbal arm leveled

2.15.2.  contact between acorn nut and disc 

2.16. Adjust the position of the gymbal assembly [2.16.1 – MED] so the nut contacts the disc at about 25 mm from the disc's center.  [2.16.2 – CU]

2.16.1. adjusting assembly position
2.16.2. contact point moving to 25 mm from the center of disc, use ruler to illustrate

2.17. To finish, tighten all the bolts in the set-up and attach the set-up to the computer.  [WID]

2.17.1. tightening the bolts and preparing to make computer connections

2.17.2. TEXT: See the text protocol for details. 
3. Calibration and Other Preparations
3.1. Before testing, calibrate the rotational velocity and the motor as described in the text protocol. [WID]

3.1.1. any actions involving calibration of rotational speed
3.2. The testing discs and nuts must be cleaned.  [CU] 

3.2.1. show discs in detail, talent picks on up with gloves on

3.3. Wearing gloves, use ethanol to clean the surface of the testing disc and the acorn nut. [MED]

3.3.1. film as written {take 2}
3.4. Now, remove the acorn nut used for set up purposes. [CU]

3.4.1. film as written {use take 2, includes 3.5.1}
3.5. Then, thread on the new, clean nut and firmly tighten it down. [MED]

3.5.1. film as written

3.6. Once tightened, check the alignment … [CU]

3.6.1. view of alignment of new nut (VO w/3.5.1)
3.7. … and tighten the chuck so the disc is firm, and make sure the acorn nut is firmly tightened to the actuator.  [MED]

3.7.1. film as written

3.8. Marcelo Dapino: It is critical to firmly tighten the acorn nut to the piezoelectric actuator or it could become loose during the test, resulting in the ultrasonic vibrations not being transmitted and thus becoming ineffective. [WID]

3.8.1. Interview at assembly in the office
3.9. Disc rotation run-out can now be measured as described in the text protocol. [WID]

3.9.1. any actions related to measuring disc run-out
4. Ultrasonic Lubrication Testing
4.1. To set up the test, apply a normal load between the test nut and disc [4.1.1 – WID] by hanging a two Newton weight on one hook that connects to the gymbal arm. [4.1.2 - CU]

4.1.1. picking the weight, pan over setup {take 2}
4.1.2. hanging weight
4.2. Then, hang another two Newton weight on the [4.2.1 - CU] other hook that connects to the gymbal arm.  This provides a horizontal pretension to the load cell. [4.2.2. - MED] [MCU]
4.2.1. Picking up a two newton weight

4.2.2. hanging weight from 2nd hook

4.3. Next, connect the actuator and the signal generator to the amplifier. Set the signal generator to provide a continuous sinusoidal signal. [MED]

4.3.1. manipulating the signal generator

4.4. Use an amplitude of 3 Volts and a frequency of 22 kHz, the resonance frequency of the piezo-actuator. [CU]

4.4.1. dialing in the actual setting on the signal generator – show whatever is possible

4.5.  Include a DC offset of 3 Volts to prevent tension in the piezo-actuator. 

4.5.1. dialing in the DC offset on the signal generator – show whatever is possible

4.6. Now start collecting data to measure the reduced friction force [4.6.1 MED]. Turn on the amplifier and set the gain to “15”, which corresponds to an actual gain of 4.67. [4.6.2 - CU]

4.6.1. turning on the amplifier  Start collecting data
4.6.2. turning on the amplifier and setting the amplifier

4.7. Next, turn on the motor and set the rotational velocity as needed. [MED]

4.7.1. film as written

4.8. Run the test for 3 hours.  [ECU]

4.8.1. nut scraping the disc during test  Add TEXT to 4.8.1: Refer to Table 1 for test parameters for other velocities.
4.9. Then, turn off the motor and amplifier and end the data acquisition. [MED]

4.9.1. film as written Add TEXT to 4.9.1: A previously tested disc is employed for demonstration.
4.10. Remove the acorn nut and test disc … [CU]

4.10.1. film as written {take 2}
4.11. … and label the test disc with the test conditions. [CU]

4.11.1. film as written

4.12. Always use a new nut and test surface for each test. [MED]

4.12.1. Replacing the nut and disc

4.13. To measure the intrinsic friction, use the same linear velocity with the amplifier and signal generator off.  Repeat the same testing for other linear velocities. There should be six wear grooves created in the end. [WID]

4.13.1. setting up an intrinsic friction test and running it (VO w/ 4.12.1)
5. Optical Profiolometer Measurements
5.1. In preparation, clean the test discs immediately before measurements, as before. [WID]

5.1.1. cleaning discs as needed {take 1}
5.2. Sheng Dong:  It is important to clean the sample discs before profilometer measurements. Any loosely attached wear particles or foreign matter on the wear groove will compromise the precision of the measured profiles and volume loss.

5.2.1. Interview with Sheng at cleaning station in the office.
5.3. Next, make eight evenly distributed marks around the rim of the disc. [CU]

5.3.1. marking one of discs, show spacing technique for making marks even

5.4. Now, open the profilometer software. Using the software, raise the lens ... [MED]

5.4.1. talent opens software and begins using it to move lens

5.5. … so that there is sufficient clearance between the lens and sample platform.  [ECU]

5.5.1. lens rising under remote control

5.6. Then, level the sample platform and place a piece of lab wipe on the platform. [CU]

5.6.1. Platform position adjusts and talent puts wipe on it

5.7. Gently place the sample on top of the tissue [5.7.1 – MED] [CU] with one of the eight marks facing the front of the profilometer. [5.7.2 - CU]

5.7.1. film as written

5.7.2. adjusting position of mark, show relation to profilometer

5.8. Set up scanning parameters in the software. Scan the groove and save the profile images and roughness data. [LM]

5.8.1. SCREEN CAPTURE: show how the parameters are set and scans are taken in the software

5.9. Then, turn the sample clockwise until the next mark faces the front of the profilometer [5.9.1 - CU] and repeat the process for the remaining marks. [5.9.1 - MED] Once done with one disc, repeat the measurements for the remaining five discs.
5.9.1. film as written

5.9.2. talent goes back to computer and starts next scans
6. Friction and Wear Reduction at Different Linear Velocities
6.1. The friction force was sampled at 400 Hz utilizing 2-second sampling windows (6.1.1). Mean values of measured friction were calculated and plotted against the distance the pin travels. Intrinsic friction forces are represented with dots, while friction forces with ultrasonic vibrations are shown with x's.  Friction force remained virtually constant once a steady-state operation was achieved. (6.1.2)
6.1.1. Fig 3 2
6.1.2. Fig 3

6.2. Next, the reduction percentage at each linear velocity was plotted against the distance travelled by the pin.  Ultrasonic vibrations reduced the steady-state friction force at each tested linear velocity, however, the benefits decreased as the linear velocity increased.

6.2.1. Fig 4

6.3. Wear grooves with and without ultrasonic vibrations, were compared.  It can be seen that grooves appear more uneven and non-reflective when ultrasonic vibrations were applied. 

6.3.1. Fig 5  - show each pair panel in succession, there are three pairs (A+B, C+D, E+F), see below for file names

6.4. 3D-profiles, surface roughness values and volume losses of the grooves were obtained from the profilometer scans.  The 3D grooves with ultrasonic vibrations were narrow, rough and shallow …

6.4.1. Figure 6 B, D, F – show these three panels in one view, see below for file names
6.5. … when compared to those without ultrasonic vibrations.  This supports the notion that the ultrasonic vibrations reduce wear.

6.5.1. Figure 6 A, C, E – show these three panels in one view, see below for file names

6.6. Wear rates and surface roughness parameters were smaller when ultrasonic vibrations were present, which is also an indicator of wear reduction. The wear reduction percentage remained virtually constant as the velocity increased.

6.6.1. Table 3
7. Conclusion 
7.1. Sheng Dong: After watching this video, you should have a good understanding of how to conduct ultrasonic lubrication tests on a modified pin-on-disc tribometer and characterize wear using optical profilometery.

7.2. Marcelo Dapino: Using this protocol, ultrasonic friction and wear reduction can be studied with respect to not just linear velocity, but also key parameters such as normal stress, material combinations, and power consumption.
G. List of Provided Media (provided by you)
2.1 – Figure 1 panel A.tif – Experimental set-up: overall tribometer

2.2 – 2.4 Figure 1 panel B.tif – Experimental set-up: motor 

2.4 – 2.5 Figure 1 panel C.tif – Experimental set-up: support frame

2.6 – Figure 1 panel D.tif – Experimental set-up: gymbal assembly

2.8 – 2.10 Figure 1 panel E.tif – Experimental set-up: piezoelectric actuator

Overview graphic – Figure 1 panel F.tif – Experimental schematics

6.1 – Figure 2.jpg – Typical data from one sampling window 

6.1 – Figure 3.jpg – Friction forces with and without ultrasonic vibrations at various speeds velocities
6.2 – Figure 4.jpg – Friction reduction at various speeds velocities
6.3 – Figure 5 panel A.jpg – Wear groove obtained with ultrasonic vibrations at 20.3 mm/s

6.3 – Figure 5 panel B.jpg – Wear groove obtained without ultrasonic vibrations at 20.3 mm/s

6.3 – Figure 5 panel C.jpg – Wear groove obtained with ultrasonic vibrations at 40.6 mm/s

6.3 – Figure 5 panel D.jpg – Wear groove obtained without ultrasonic vibrations at 40.6 mm/s

6.3 – Figure 5 panel E.jpg – Wear groove obtained with ultrasonic vibrations at 87 mm/s

6.3 – Figure 5 panel F.jpg – Wear groove obtained without ultrasonic vibrations at 87 mm/s

6.5 – Figure 6 panel A.jpg – 3D profile of wear groove obtained without ultrasonic vibrations at 20.3 mm/s

6.4 – Figure 6 panel B.jpg – 3D profile of wear groove obtained with ultrasonic vibrations at 20.3 mm/s

6.5 – Figure 6 panel C.jpg – 3D profile of wear groove obtained without ultrasonic vibrations at 40.6 mm/s

6.4 – Figure 6 panel D.jpg – 3D profile of wear groove obtained with ultrasonic vibrations at 40.6 mm/s

6.5 – Figure 6 panel E.jpg – 3D profile of wear groove obtained without ultrasonic vibrations at 87 mm/s

6.4 – Figure 6 panel F.jpg – 3D profile of wear groove obtained with ultrasonic vibrations at 87 mm/s

OP.wmv – Software operations in optical profilometer measurements
Please list all images, movie files (including screen captures) and animations that you are providing to be included in this video.  List the step in the script, the file name and a brief description.  For example:

5.1 –  51234_Figure1_panelA.tif -  dual color imaging of tumor angiogenesis at 40X 

5.2 –  51234_Figure1_panelB.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.  

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


