Internal Review of Discovery Channel Human Climbing Project

Purpose: To document work done for Discovery Channel that may be helpful to Z-man project.  Lessons learned, new avenues to pursue, etc.
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Overview:  For all the same reasons, the Discovery channel project chose to pursue two separate paths towards human climbing, one for smooth surfaces and one for rough surfaces. For smooth surfaces, we attempted to fabricate a large 8” x 8” mold of Directional Polymer Stalks with the same design as those used on Stickybot, but due to overloading both the CAD computers and the CAM programs we were using, this mold size was shrunk to a hexagon of approximately 12 in2.  This mold took 30 hours to machine at the A&J CNC shop in Santa Clara (would not recommend them for future work).  Unfortunately, the quality of the mold/topcap was not as high as Sangbae Kim’s original molds that we use at Stanford, and so after trying to fix things, we eventually reverted to the Stanford mold, which is about 1.5” x 9”.  As time became a major issue, attempts were made at creating large daughter molds by tiling several good strips of DPS from the Stanford mold, but backing layer inconsistency and potential decreased fidelity of the sharp tip eventually ruled this path out as well.  A new adhesive was conceived at the last moment using acrylic molds etched on a laser cutter.  This adhesive was eventually used in the final climbing attempts, and will be something that we follow up on here at Stanford. More on this later.

FINAL WEIGHT TEST: one paddle held 65 lbs on plexi glass (paddle consisted of 23 independently articulating hexagons, total area ~ 275 in2)

The rough surface apparatus consisted of two paddles each holding approximately 1350 toes.  These toes were made thicker (1mm average) than the Z-man toes fabricated at Stanford in summer 2007 (~0.75mm) in order to use less toes and speed up manufacturing times.  The toes were arranged in 5 rows of about 270 toes, and rigidly fixed to an aluminum paddle.  A professional climber (130lbs) successfully used these paddles to climb a 5 story brick building, slipping only once midway up.  After this demonstration, both Alan Asbeck (185lbs) and I (180lbs)--as well as many other lighter climbers--succesfully took 5-10 steps with the paddles before getting too high on the wall to continue without the safety belay line.

FINAL WEIGHT TEST: 

1. rough, porous brick:  one paddle dynamically held 185lb person, likely maximum in excess of 200 lbs.  
2. heavily painted, undulating brick:  one paddle = 50lbs.

3. unfinished cinder block:  one paddle >150lbs. (possibly much greater)

4. red naval base brick:  one paddle >150 lbs.

5. stucco: surface failure—clawing off asperities at modest weight
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Human Climbing Mechanics:  Both systems (smooth and rough) used two paddles, held and placed with the hands, but weighted by the feet.  Climbers’ webbing from REI was strung from the paddles down to a loop for the foot so that the leg muscles were the main contributors to upward motion.  The length of webbing between paddle and foot was fixed, meaning that right arm/right leg had to move in sync, likewise for left arm/left leg (a retractable dog leash mechanism was considered to decouple arm from foot, but for the sake of simplicity and time, this idea was not used).  The advantage to this kind of system was a faster learning curve and an optimal shear loading vector for the paddles since the force was generated at the foot approximately 5 feet below the paddle. The major disadvantages were that each paddle had to fully support the climbers weight (one point of contact = full weight), and that it required a higher level of stabilization/balance to shift back and forth between paddles and avoid unwanted torques on the paddles. 
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For the glass climbing system, rigid 100 in2 foot paddles were implemented to try and add contact area (270 in2 per hand paddle), but proved very difficult for the climber to use.  The foot paddles were difficult to attach to the wall accurately, and also put a large burden on the climber to balance the forces across contact points (R hand, L leg, R leg, L hand) internally.  Because it was very difficult for the climber to sense when a contact point was near failure, manual distribution of the load appropriately across many contact points was nearly impossible.  Sensing or automatic tensioning of the webbing might improve this.

In the end, a climbing shoe with a blob of soft silicone around the toe was used for stabilizing the feet, but provided little to no friction/adhesion (sorry no picture).
The climber’s main comments for the sticky patch centered around the difficulties in placing the paddles accurately, and their cumbersome size and weight.  Even though the sticky paddles were only about 7lbs, because the weight was distributed far above the climbers head, they were pretty difficult to maneuver.  For the spiny system, she was able to climb quickly and efficiently, saying the most tiresome aspect was placing the paddles because the handle was difficult to manipulate.  By weighting the paddles with her legs, she said she was never tired at any point during the climb and could rest at any step comfortably.  It was even possible to take your hands completely off the wall and do other tasks like adjusting straps or posing for pictures. 
Another complaint was pinching of the foot when loading the foot webbing.  Her flexible climbing shoes  folded in the saggital plane during loading.  Stiff shoes or a platform instead of webbing could be used instead.
Note:

One piece of equipment that was very useful during brainstorming was a pegboard (think 1970s gym class).  This allowed us to conveniently play with different webbing concepts for the feet and experiment with different methods of weighting various contact points without having actual climbing adhesives/spines in play.

Glass Climber Details: 
System:  Due to the scaling issues with small features across large patch areas, the glass climber paddles were broken up into 23 independent patches that nested together in a dense hexagon pattern.  Each hexagon patch was connected to the backplane of the paddle by a ball stud.  These parts were printed in an SLA 3D printing system at forecast3d (http://www.forecast-3d.com/).  Each hex patch also had a spur to help align the patch during loading, and both the ball stud and the spur were tunable in the Z direction due to the threaded holes in the paddle.  In order to bias the hex patches forward, rubber bands were looped around the lower end of the spur to tilt the pads into the wall, ensuring proper contact, but also adding a modest spring-back component.  This design offered maximum flexibility and tunability, but also required significant calibration effort.  Four separate locations were incorporated into the handle of the paddle to allow for various tie in points for the webbing that linked the feet to the system, using different locations would change the loading vector within about an 8 degree range.  Paddle weight ended up being about 7lbs/paddle, some of which was trapped powder inside the handle of the printed part.
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Adhesive: A certain amount of high quality DPS were manufactured for this project, and a single hexagon patch of DPS held 5lbs in shear on a vertical glass surface: observed contact area was nearly 100% of patch.  DPS made out of larger daughter molds performed less well, holding only 1.5-2lbs due in large part to variations in the backing thickness of patches—it was clear that only a small percentage of the stalks were making good contact (25-50%).  We were unable to manufacture enough high quality DPS within the timeframe of the show to test a whole paddle, so a new adhesive was fabricated out of laser-etched molds.  This new adhesive, MacroFlaps, also held 5lbs. in shear, briefly, before sliding.  A four lbs. weight could be held for an indefinite time.  One major difference, though, was height.  MacroFlaps had to be preloaded to a depth of around 4mm, whereas DPS preload to a depth of about 0.5mm.  This greatly affected the spur heights on the hex patches. 
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The molds went through many design iterations, but ended in very high aspect ratio flaps with small fibers at the tips.  Instead of individual stalks, the flap ran the length of the hexagon.  Later versions included cuts perpendicular to the flap direction to prevent catastrophic failure via unzipping. The flaps were made by a single etch whereas the fingers at the top were made by pulsing the laser.  Surprisingly, these pads de-molded from the acrylic mold fairly well using a combination of GI-1000 silicone, cure accelerant, and heat, providing a demold time of only 75 minutes, full cure 24 hours.  We have done preliminary tests on our experimental stage with this adhesive now as well.  While the adhesion numbers are lower than those for DPS or our smaller wedge structures, the shear is comparable.  Since the wedges are such high aspect ratio, we had to preload to depths of up to 5mm to fully engage the adhesive.  Also interesting, one of the Discovery people was able to align a machined part to the laser etcher and etch these flaps into the tips of already machined features, ‘Flaps on Wedges’.  These did not perform as well, but seem interesting for future design efforts (middle picture above).
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STATIC PROBLEM:  One very interesting problem that came up during our testing, and is previously undocumented, was the accumulation of static charge on the adhesive.  The high aspect ratio flaps failed in sliding, rather than popping off the surface.  When this sliding occurred, static charge accumulated on the adhesive, enough to make the hair on your arms/head stand up.  This static charge had a very noticeable negative effect on the performance of the patches.  We attempted to ground the patches using an aluminum foil sheet with no result, and later with anti-static cling dryer sheets, with questionable success.  Neither of these solutions will work mid-climb, though.  When allowed to bleed charge to neutral naturally over 15 minutes or so, patches regained initial performance.  
Brick Climber Details:  The brick climber paddle weighed 4 lbs, consisted of 5 rows of approximately 270 spines that were slotted into aluminum channels with a welded handle.  A set screw in the handle acted like a spur at the base of the paddle.  The same climbers’ webbing allowed the feet to do most of the loading and maintain a load vector nearly perpendicular to the surface with very little force normal to the surface: hands were only used for placement.  During climbing, we observed the bottom 1-2 rows of spines often disengaging from the surface because of outward pulls on the bottom of the handle.  This outward pull rotates the top few rows of spines into the wall (good), but pulls the bottom row or two away from the wall (bad!!).  A slightly flexible rotational joint there, or a longer displacement between bottom row of spines and the loading point could help prevent that disengagement.  Future paddle design could see an increase in width and decrease in length (longer rows, shorter columns).   This would help to engage all of the spines, but might force a paddle over paddle type motion because of interference between paddles. 
The big trouble with using spines, I believe, is in the surfaces you want to climb.  While the climber, and even heavier users, were able to use these paddles to climb this specific wall, many other ‘rough’ surfaces or ‘rough plus paint’ surfaces would require many more spines to support human scale loads.  Since this design was for TV, we just needed one instance, but making this system robust to many surfaces will be quite difficult.  However, it does work great on porous brick, cinder block, and mortar lines.  For these very rough surfaces, it may be possible to use an even smaller number of very wide spines since the asperity count is so high.  This would ease manufacturing greatly, but might call for a more sturdy fish hook (think tuna not bluegill).  
[image: image14.jpg]


[image: image15.png]Normal Pressure (kPa)

DPS Limit Surface Flatl

(=)

=10 0 10 20
Shear Pressure (kPa)




