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Author Questionnaire:
1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)  N
Can you record movies/images using your own microscope camera? (Y/N) N/A
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope.

2. Does your protocol include 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.

3. Which steps from the protocol section below are the most important for viewers to see? Please list 4-6 individual steps using the step numbers listed in this document. This information is important to prepare your Videographer for your shoot. (You do not need to include steps that will be screen captured. Please do not list entire sections.)
Authors, please answer this question with the steps listed here in the Protocol section below for use by the videographer.
Step 3.3; Step 4.3 and 4.4; Step 5.4; Step 6.3; Step 7.3
4. 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.)
Authors, please answer this question with the steps listed here in the Protocol section below for use by the videographer.
Step 4.3 and 4.4: To ensure success, we’ll test and practice the step by assembling the joint in advance and ensure it is all working.
5. Will the filming need to take place in multiple locations? (Y/N) N
If yes, how far apart are the locations? 


Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

1. REQUIRED Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.
 
Why is your protocol significant? OR What key questions can this method help answer? 

1.1. Shuangyi Wang: We have developed a bespoke robotic manipulator for extra-corporeal ultrasound which we aim to translate into clinical use. The use of robotic systems for ultrasound examinations can potentially improve medical diagnoses. 

What is the main advantage of this technique?

1.2. Shuangyi Wang: The manipulator consists of lightweight 3D-printable links made from plastics with a built-in mechanical clutch serving as a safety feature. The clutch is independent of electrical systems and software logic. 

OPTIONAL Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.

Do the implications of this technique extend toward the therapy (or diagnosis) of a particular disease, disability, or challenge? How so?

1.3. James Housden: The proposed robotic ultrasound manipulator can be used by sonographers to reduce the risk of repetitive strain injury. The system can also be used for remote ultrasound diagnosis.

Are there any specific areas of research that this method could provide insight into? 

Can this method be applied to any other systems?

1.4. James Housden:  The manipulator provides full flexibility for ultrasound probe adjustments, allowing easy and safe operation in a small area. Therefore, it could potentially be used to manipulate other medical devices.








Section - Protocol
2. Preparation of Each Link, End-effector, and Additional Components
2.1. To begin, use the .stl files provided in the supplementary materials for this article and print all of the links and the end-effector as shown here.  [1] Print using ABS, PLA, or nylon using your own 3D printer, or a 3D-printing service. [2]
2.1.1. MED: Talent stands at assembly area with the items in Figure 1 laid out  
2.1.2. CU: Talent picks up and flips around one of the links.
2.2. Also, use nylon to print all the required additional components shown here. [1-TXT]
2.2.1. CU: Talent displays the items seen in Figure 2 TEXT: See text protocol for the Table of Materials and the .STL files provided in the Supplementary Materials
2.3. As needed, remove any supporting materials left from 3D printing and polish all of the printed plastic parts with polishing tools. [1]
2.3.1. CU: Talent cleans/polishes one of the parts
3. Assembly of Joint 1
3.1. Attach 20-teeth spur gears to four small geared stepper motors.[1]  Then, place the stepper motors into the mounting cavities of link zero and mount them with screws. [2]
3.1.1. CU: Talent places gears on motors
3.1.2. CU: Talent positions the motors and begins to screw them into place
3.2. Next, place the two 37 millimeter outer diameter bearings into the bearing housings of link zero [1]. Then, secure the 120-teeth type-A spur gear onto the hexagon key of link 1. [1 2]
3.2.1. CU: Talent adds bearings 
3.2.2. [Added Shot]: CU: Talents secures the gear as described
3.3. Now, insert the shaft on link 1 into the shaft hole on link zero with the four small driving spur gears and the large, driven spur gear engaged. [1] Then, assemble the shaft collar to secure and retain the shaft. [2]
3.3.1. CU: Talent inserts the shaft as described
3.3.2. CU: Talent assembles the shaft collar
4. Assembly of Joint 2
4.1. Attach 20-teeth spur gears to another four small geared stepper motors.  [1] Then, place the stepper motors into the mounting cavities of link 1 and mount them with screws. [2]
4.1.1. CU: Talent attaches one of the spur gears to a stepper motor Reuse Shot 3.1.1
4.1.2. CU: Talent mounts the motors
4.2. Next, attach the two 120-teeth type-B spur gears to the two 37 millimeter outer diameter bearings. [1] Position them into the gear cavities of link 1 while the 120-teeth type-B spur gear is engaged with the 20-teeth spur gears mounted on the motors. Unscrew and re-screw the motor if necessary to allow the easy positioning of the two 120-teeth type-B spur gear. [2]
4.2.1. CU: Talent attaches the spur gears to the bearings
4.2.2. CU: Talent positions the assembly into the gear cavities as described
4.3. With the gears in position, align link 1 and link 2 and insert the bearing and the ball-spring pairs into the clutch holes in link 2. With the two round clutch covers aligning and pushing the spring into the clutch mechanism for preloading, insert an M6 bolt into the bores of link 1 and link 2. [1]
4.3.1. CU: Talent inserts the 4 ball spring pairs as described Talent aligns L1 and L2, insert the bearing and the ball-spring pairs, align the clutch cover and insert the M6 bolt.
4.4. Finally, rotate the assembly to the other side and repeat steps in 4.3 for this side. Secure the assembly by attaching a nut to the M6 bolt. [1] [2]
4.4.1. CU: Talent places the 2 bearings into the housing of L2. Talents rotate the assembly, repeat step in 4.3, and attach a nut. 
4.4.2. CU: Talent inserts the M6 bolt into the bores of L1 and L2
5. Assembly of Joint 3
5.1. Attach 20-teeth spur gears to two more, small geared stepper motors. [1] Then, place the stepper motors into the mounting cavities of link 2 and mount them with screws. [2 1]
5.1.1. CU: Talent attaches spur gears and mounts the motors to 2 small stepper motors
5.1.2. CU: Talent mounts the motors
5.2. Next, place a 37 millimeter outer diameter bearing into the bearing housing of the 120-teeth type-C spur gear. [1] Also, place a 32 millimeter outer diameter bearing into the bearing housing of link 3. [2]
5.2.1. Talent places a 37 mm bearing into the housing of the type-C spur gear
5.2.2. Talent places the 32 mm bearing into the housing of L3
5.3. Secure the large spur gear into the hexagon keyhole of link 3 using additional screws if necessary. [1]
5.3.1. Talent secures the large spur gear
5.4. Then, while the small and the large spur gears engaged, insert the shaft on link 2 into the bores on the large spur gear and link 3. [1] [2]
5.4.1. CU: Talent engages the gears and inserts the shaft as described
5.4.2. CU: Talent rotates the large spur gear and link 3 to test motion
6. Assembly of the Driving Mechanism of Joint 4
6.1. Place the two small, geared stepper motors into the mounting cavities of link 3 and mount them with screws. [1]
6.1.1. CU: Talent places the motors and screws them into place
6.2. Then, place the 8 millimeter outer diameter bearings into the bearing housings of link 4. [1]
6.2.1. CU: Talent places the bearing into the bearing housing of L4
6.3. Mount the 20-teeth long spur gear onto the two small stepper motors [1] [2] [3]
6.3.1. CU: Talent mounts the 20- teeth long spur gear onto the 2 small stepper motors
6.3.2. CU: Talent aligns the shaft hole of L3 and L4 and inserts the shaft
6.3.3. CU: Talent positions the gear to show that it lines up
7. Assembly of the Driven Mechanism of Joint 4 and Joint 5
(Author Comment: Section 7.1 and 7.2 switched position! This is the final shooting version corresponding to the camera log) (Editor: I swapped their positions and retained their original numbering, but it appears as though the videographer swapped their slating. 7.1, even in its new position, may be slated as 7.2)
7.1.  [1]
7.1.1. CU: Talent engages the gears and positions the 144 teeth bevel gear into L4
7.2. Attach 18-teeth bevel gears to two small geared stepper motors. [1] Then, place the stepper motors into the mounting cavities of link 4 and mount them with screws.  [2] Finally, insert the M5 shaft into the shaft hole of link 3 and link 4 after the two links are aligned. [3] Ensure the built in driven gear structures on link 4 matches with the 20 teeth long spur gear. [4]
7.2.1. CU: Talent attaches the gears to the motors as described
7.2.2. CU: Talent places the motors into their position on L4 and screws them into place
7.2.3. [Added Shot]: CU: Talents aligns the shaft hole of L3 and L4 and inserts the shaft
7.2.4. [Added Shot]: CU: Talents positions the gear to show that it lines up
7.1. 	Position the driving 144-teeth bevel gear onto the extrusion of link 4. [1]
7.1.1. CU: Talent engages the gears and positions the 144 teeth bevel gear into L4
7.3. Finally, insert the end-effector into the keyway of the large bevel gear. [1] Then, vertically position the end-effector with the end-effector collar screwed onto it. [1 2] 
7.3.1. Talent inserts the end effector as described
7.3.2. [Added Shot]: Talents attaches the end-effector collar and screw it into position
7.4. [1]
7.4.1. Talent rotates the parts described to show free rotation




Section – Results
8. Results: Robotic Manipulator for Extra-corporeal Ultrasounds  
8.1. The robotic manipulator assembled here has five specially shaped links and five revolute joints for moving, holding, and locally tilting a US probe.[1] The probe can be rotated axially to any angle [2], tilted to follow a surface angled between 0° and 110° to the horizontal in any direction, [3] and positioned within a circle with a diameter of 360 millimeters. [4]
8.1.1. CU: Robotic manipulator moving around an ultrasound probe.
8.1.2. CU:  Manipulator rotates the probe axially 360 degrees.
8.1.3. CU: Manipulator tilts the probe between 1 and 110 degrees in the horizontal direction.
8.1.4. CU: Probe moves around its 360 mm circle
8.2. A large range of probe positions can be reached with only small movements of the remaining global positioning mechanism when using the proposed robotic US manipulator.
8.2.1. MED: Motion of the manipulator is coupled with the global positioning mechanism to show example of the above statement. (Author Comment: Combined with 8.3 and show in LABMEDIA video 1.) (Editor: Play Video 1 during the VO for both 8.2 and 8.3)
8.3. Here, a simulation shows the robot in positions around an abdominal phantom, demonstrating that it is able to reach around both sides of the abdomen and a range of positions on top. [1]
8.3.1. LABMEDIA: Video 1 showing the simulated motions demonstrated in Figure 10
Authors: Please submit this video as “Video_1.mp4/mov” 



[bookmark: _GoBack]Section - Conclusion
9. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.

What is most important thing to remember when attempting this procedure? Please indicate the steps (e.g., 2.4., 2.5.) in the Protocol section this advice correlates to.
9.1. Shuangyi Wang (Step: 3.3, 4.2, 5.4, 6.3, 7.2): When performing these steps, it is important to remember that the driving and driven gears have to be properly engaged for the mechanism to work. 
Following this procedure, what other methods can be performed? What questions would these additional methods answer?
9.2. Shuangyi Wang: Following this procedure, the assembled robotic manipulator, originally designed for ultrasound examination, can potentially be converted to a robotic device for holding and positioning other abdominal surgical devices. 
After its development, did this technique pave the way for researchers to explore new questions within a specific scientific field? If so, how?
9.3. James Housden: Using the proposed manipulator, researchers now have a lightweight device to explore the potential clinical uses of robotic ultrasound technology and experiment with different operating modes to improve the diagnosis outcome
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