[image: ]FINAL SCRIPT: APPROVED FOR FILMING

Submission ID #: 61422
Scriptwriter Name: Bridget Colvin 
Project Page Link: https://www.jove.com/account/file-uploader?src=18733758

Title: Manufacturing, Control and Performance Evaluation of a Gecko-Inspired Soft Robot

Authors and Affiliations: Lars Schiller1, Arthur Seibel2, and Josef Schlattmann1

1Workgroup on System Technologies and Engineering Design Methodology,
Hamburg University of Technology
2Fraunhofer Research Institution for Additive Manufacturing Technologies IAPT

Corresponding Author:
Lars Schiller 			
lars.schiller@tuhh.de

Co-authors: 
[bookmark: __DdeLink__662_2035017564]arthur.seibel@iapt.fraunhofer.de
j.schlattmann@tuhh.de
[bookmark: _Hlk25233958]





Author Questionnaire 

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique?  N

2. Software: Does the part of your protocol being filmed demonstrate software usage?	Y

3. Filming location: Will the filming need to take place in multiple locations (greater than walking distance)?   N

 

Introduction

1. Introductory Interview Statements

REQUIRED: 
1.1. Josef Schlattmann: This technique uses the Soft Robotics Toolkit to manufacture our gecko-inspired soft robot, which can be manipulated by a universal pneumatic control box [1].

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera	

REQUIRED: 

1.2. Josef Schlattmann: Using a soft climbing robot enables a wide variety of applications that impose high demands on the machine, for example, for  cleaning of solar mirrors or skyscraper facades [1].

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

OPTIONAL: 

1.3. Arthur Seibel: Any other soft robot can be manufactured using this method and any pneumatic system can be operated with the control box [1].

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera Videographer: Can cut for time

OPTIONAL: 

1.4. Lars Schiller: The manufacturing of the actuators is mostly done by hand and requires practice. Do not expect it to work perfectly on the first try [1].

1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera Videographer: Can cut for time



Protocol
2. Elastomer Preparation
2.1. To prepare the elastomer, add 5 grams of elastomer part B compound [1] and 45 grams of part A compound per actuator to a cup on a balance [2] and stir the cup contents until no white or red areas are visible at the edge of the cup [3].
2.1.1. WIDE: Talent adding part B to cup, with B container visible in frame
2.1.2. Talent adding part A to cup, with A container visible in frame
2.1.3. Contents being stirred
2.2. Then place the cup in a vacuum chamber for 15 minutes [1.1] to remove any air that became trapped in the elastomer during the stirring process [1.2] and load the degassed elastomer into a 50-milliliter syringe [2].
2.2.1. 2.2.1.1 Talent placing cup into chamber
2.2.1.2 Cup in the vacuum chamber
2.2.2. Talent loading elastomer into syringe
3. Upper Base Fabrication
3.1. To manufacture the base part, first clamp an acrylic glass plate with two corresponding holes onto the mold [1] and insert the syringe into the lower hole [2].
3.1.1. WIDE: Talent clamping plate
3.1.2. Talent inserting syringe NOTE: from here until 3.3.3 in one shot
3.2. Depress the plunger to load the elastomer into a leg or torso mold [1].
3.2.1. Plunger being depressed/elastomer being loaded into leg mold, with torso mold and suction cup mold also visible in frame Videographer: Important step
3.3. When the compound emerges from the upper hole [1], loosen the screw clamps [2] and pull the acrylic glass plate sideways off of the mold [3].
3.3.1. Compound emerging from upper hole
3.3.2. Clamps being loosened
3.3.3. Plate being removed
3.4. Use a sharp tool to puncture any rising air bubbles. Then, add extra elastomer [1.1-TXT], puncture the rising bubbles again [1.2], and place the mold into a 65-degree Celsius oven [2].
3.4.1. 3.4.1.1Bubble being punctured and extra elastomer being added TEXT: Caution: Too deep puncture causes more bubbles
3.4.1.2 Bubbles being punctured again
3.4.2. Talent placing mold into oven
3.5. After 30 minutes, take the mold from the oven [1-TXT] and use a cutter knife to remove an extruded elastomer [2].
3.5.1. Talent taking mold from the oven TEXT: Confirm elastomer level not fallen after 10 min 
3.5.2. Talent cutting elastomer
3.6. Insert a lever arm between the mold pieces to open it without damage the casting surfaces [1] and remove the almost actuator piece from the mold [2].
3.6.1. Mold being opened
3.6.2. Actuator being removed
3.7. If the casting was successful [1-TXT], use the cutter knife to remove any protruding burrs [2].
3.7.1. Shot of casting TEXT: Discard unsuccessful casting
3.7.2. Burr being removed
3.8. To manufacture the suction cups [1] and the bottom part of the torso, follow the same procedure but without the use of the additional acrylic glass plate [2].
3.8.1. Mold for suction cup being opened
3.8.2. Mold for bottom part of torso being opened
4. Leg Bottom Fabrication 
4.1. To manufacture the lower part of the leg, push a silicone tube through the holes in the bottom part mold [1] and fill the mold with elastomer [2].
4.1.1. WIDE: Talent pushing tube through hole(s)
4.1.2. Talent filling mold NOTE: 4.1.2 and 4.2.1 filmed in one shot.
4.2. Then use a small spatula to distribute the elastomer to the corners of the mold [1] and cure the mold in the oven for 15-20 minutes [2].
4.2.1. Elastomer being spread
4.2.2. Talent placing mold into oven
5. Upper Base and Bottom Mold Conjunction
5.1. When the bottom of the casting has cooled, fill the mold of the bottom part with fresh elastomer to 1-1.5 millimeters above the already hardened elastomer [1-TXT] and insert a butterfly cannula into the base casting [2].
5.1.1. WIDE: Talent filling bottom mold of leg TEXT: Ensure that the joining surface is not greasy 
5.1.2. Talent insert cannula into casting
5.2. After marking the puncture site for later identification, place the upper base into the bottom mold [1-TXT] and slightly press the sides into the elastomer bath [2].
5.2.1. Shot of marked site, then base being placed into mold Videographer: Important step TEXT: Ensure the joining surface is not greasy NOTE: 5.2.1 – 5.2.2 in one shot
5.2.2. Talent pressing side(s) Videographer: Important step 
5.3. After  10 to 15 minutes in the oven, remove the actuator from the mold [1] and use the puncture site to connect the device to a pressure source to perform a final leakage test [2]. 
5.3.1.  Talent removing actuator from mold
5.3.2. Device being connected to pressure source
5.4. To manufacture the torso, fill the bottom part with elastomer [1] and place the base part into the bottom part [2].
5.4.1. Talent filling bottom part of torso 
5.4.2. Base being placed into bottom part
6. Limb Joining NOTE: section 7 should go before section 6
6.1. To prepare the limb joining surface, cover the joining surface with elastomer [1] and use pin needles to fix the parts to be joined onto a wooden board [2] . 

6.1.1. Talent covering surface with elastomer Videographer: Important step
6.1.2. WIDE: Talent fixing torso and legs onto board

6.2. After curing, join the suction cups with the legs. Attach needles in the torso to ensure that all parts are in the same plane [1], then cure the assembly for an additional 10 to 15 minutes [2].
6.2.1. Suction cups being joined and Talent inserting neddles Videographer: Important step
6.2.2. Talent placing the robot into oven
7. Supply Tube Inlet Mounting NOTE: section 7 should go before section 6
7.1. Use a 1-millimeter Allen key to widen the insertion point [1] and place the end of a no more than 3-millimeter-diameter silicone tube over the insertion hole [2]. NOTE: 7.1 – 7.2 in one shot.
7.1.1. Point being widened
7.1.2. Tube being placed over hole
7.2. Use the key to press the tube into the hole [1] and seal the inlet with a small amount elastomer, then cure the assembly in the oven for 10 minutes [2].
7.2.1. Tube being pressed into hole
7.2.2. Talent sealing inlet
7.3. 
7.3.1. Talent placing assembly into oven
8. System Setup
8.1. To set up the entire system, connect supply tubes to the inlets of all actuators, connect the supply tubes embedded in the legs with the suction cups [1] and use pin needles to attach the markers to the robot [2].
8.1.1. Talent connecting embedded supply tube to suction cup
8.1.2. Talent attaching marker(s) to robot
8.2. Connect the robot to the control box [1] and connect a pressure source with a maximum pressure of 1.2 bars and a vacuum source to the control box [2].
8.2.1. Talent connecting robot to control box
8.2.2. Talent connecting pressure source to control box NOTE: one shot together with 8.3.1
8.3. 
8.3.1. Talent connecting vacuum source to control box
9. Climbing Experiment NOTE: every step was recorded in one shot except 9.1.3/9.2.1 / 9.2.2 / 9.3.1 / 9.4.1
9.1. To perform a climbing experiment, [1-TXT], place the robot at the starting point of the walking plane [2] and start the recording [3].
9.1.1. WIDE:  test bench TEXT: See text for robot calibration details
9.1.2. Talent placing robot onto marked point 
9.1.3. SCREEN: climb_start_rec
9.2. Press Function 1 to activate the pressure controller [1] and let the robot walk and climb for at least 6 cycles [2].
9.2.1. Talent pressing function 1
9.2.2. Robot walking/climbing Videographer: Important step
9.3.  Press Record to stop the recording [1] and make sure that the robot will not fall when the pressure controller is stopped [2].
9.3.1. SCREEN: climb_stop_rec
9.3.2. Talent holding robot while another talent stopping the pressure controller
9.4. Then press Function 1 to stop the pressure controller [1].
9.4.1. Talent pressing function 1
Protocol Script Questions
A. Which steps from the protocol are the most important for viewers to see? 
3.2.1, 6.1.2., 6.2.1., 9.2.2.
     
B. What is the single most difficult aspect of this procedure and what do you do to ensure success? 
5.2.
Joining the base and the bottom part of the actuator involves the largest process uncertainty.  If the elastomer bath is too high, the air channel between the chambers will most likely be covered as well. Then, the actuator is no longer usable. If the elastomer bath is too low, the sealing lip may not be covered in its entire circumference and the actuator would leak. Therefore, it takes a certain amount of practice to dose the elastomer bath correctly. Important for joining in general is a fat-free joining surface. If the joining surface is contaminated, the finished actuator may delaminate. Therefore, it is essential to ensure that the parts are only touched on surfaces that are not to be joined.



Results
10. Results: Representative Climbing Performance and Re-Calibration Evaluations
10.1. It is necessary to adapt the calibration procedure to the real operating conditions as closely as as possible [1].
10.1.1. LAB MEDIA: Supplementary Figure 22
10.2. When changing the inclination angle of the walking plane, the operating conditions change as well [1]. Therefore, the angle-pressure curve must be re-calibrated for each inclination [2].
10.2.1. LAB MEDIA: Supplementary Figure 23
10.2.2. LAB MEDIA: Supplementary Figure 23 Video Editor: please zoom into angle-pressure curve of actuator 0 obtained with mode 4 (top right picture)
10.3. After the re-calibration, in this analysis, the robot was not only faster [1], it was also able to climb steeper inclines while consuming less energy [2].
10.3.1. LAB MEDIA: Figure 2A
10.3.2. LAB MEDIA: Figure 2B Video Editor: please emphasize solid re-calibrated data line
10.4. In these images, the motion of the robot for an inclination of 48 degrees is shown [1].
10.4.1. LAB MEDIA: Figure 3A
10.5. As illustrated, the climbing performance of the robot was significantly improved after the re-calibration [1], as the shift in position within the same time interval is almost twice as large [2].
10.5.1. LAB MEDIA: Figure 3 Video Editor: please emphasize Figure 3B images
10.5.2. LAB MEDIA: Figure 3 Video Editor: please emphasize deltaX text, lines and arrows, in Figure 3B
Conclusion
11. Conclusion Interview Statements

11.1. Lars Schiller: As we have observed with the suction cups, different complex shapes can be produced with this manufacturing method, even those with undercuts [1].


11.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera (6.1.)

11.2. Arthur Seibel: When joining the individual parts it is very important that they lie in the same plane. Otherwise, the climbing ability of the robot will be drastically reduced [1].

11.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera Videographer: Can cut for time

11.3. Josef Schlattmann: The robot is an interesting platform for researching new motion strategies. For example, running a curve can be performed by this robot in very different ways [1].

11.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera Videographer: Can cut for time
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