Nano in Nature - Mimicking Geckos
Note: This lesson was adapted from NISE activity: “Synthetic gecko tape through nanomolding” http://www.nisenet.org/catalog/programs/biomimicry_synthetic_gecko_tape_through_nanomolding)
" Synthetic gecko tape through nanomolding " by NISE Network, used under CC BY 3.0/ Adapted from original
[image: C:\Users\Maude\AppData\Local\Microsoft\Windows\INetCache\Content.Word\gecko-800887_1920.jpg]Introduction to lesson plan
[bookmark: _GoBack]Geckos are able to climb up walls and walk on ceilings. This is due to the unique hierarchical structure of their feet. Scientists have been studying geckos to better understand the creatures’ ability to “stick” on walls. This information can then be used to create synthetic gecko feet that have numerous applications (e.g. sports, military, and medicine). In this lesson plan, students will learn about biomimicry, the imitation of the models, systems, and elements of nature for the purpose of solving complex problems. They will observe gecko feet at various length scales. They will then postulate as to how this structure creates “sticky” feet and discover the mechanism for adhesion to walls. Students will also get to make and test “gecko tape” and create their own design. (Optional, students can write a Kickstarter proposal to fabricate their design.)
Learning objectives
-Students will be able to explain differences in length scale
-Students will be able to explain the mechanism by which geckos can walk on walls
-Students will be able to explain Van der Waals forces 
-Students will be able to describe the term “biomimicry” and give examples
-Students will be able to describe important properties of a synthetic gecko foot and use this knowledge to create novel gecko tape design
Lesson Activity:
1. 24 hours prior to activity, make the gecko tape (instructions below)
a. Optional: Students could help with making the tape on Day 1 and do the gecko tape activities on a second day. Variations of the tape could be made and silicone could be molded to different things. Send tape to RTNN facilities to characterize remotely.
2. Show video of a gecko walking on a glass wall (http://bdml.stanford.edu/pages/Adhesion/UCBGeckoMVI_0503.mov)
3. Ask students to speculate why geckos are able to walk up walls, what is the mechanism?
4. Discuss their responses
5. Show students SEM images of gecko feet (It would be helpful here to explain how an SEM works and what information it can give you.) Also talk about mechanical and physical properties of the feet. Give a little more background on geckos.
6. Ask students, “After seeing their structure do they have any other thoughts to why geckos may be able to walk on walls?”
7. Discuss and then talk about how geckos feet can be so “sticky”. What features of the gecko foot are important?
a. Van der Waals forces
b. Mechanical properties of the setae (keratin is hard but setae are elastic)
c. Angle of the setae (Show image of the gecko heading down the tree. What do you notice?)
d. No suction, secretion of glue, residues
e. Shear forces, how load is applied
f. Theoretical vs. actual amount of force generated
i. Why can theoretical not be reached?
ii. Climbing a wall only requires 0.04% of its setae to be attached. Why (when) would more setae be required?
iii. Consider case of the falling gecko (problem described below)
8. Talk about different ways scientists and engineers have tried to mimic the Gecko foot and for what applications (show Nova video “Making Stuff Smarter” starting ~11:02 and have students read Pattantyus-Abraham, 2013). 
a. What properties are important to try to mimic? (If time, can show links to commercial products Geckskin, nanoGriptech, Stanford lab) (http://www.sciencemag.org/news/2014/11/gecko-inspired-adhesives-allow-people-climb-walls)
9. Do activity with gecko tape (Instructions below). 
a. What do students observe?
b. We just learned that the micro and nanostructures on geckos’ toes help them adhere to the wall. Why does the tape with the structures not adhere as well? Look at SEM. Discuss (too high of an aspect ratio, fibers laying in all directions, not as controlled Watch YouTube video of failed experiment: https://www.youtube.com/watch?v=9XQfYKYO380&index=146&list=LLeuax5yMfJQxGRpzJyWSLBg Start ~ 8 minutes)
c. Compare SEM of the gecko tape to SEM of other pillared structures. What are the differences? (see Pattantyus-Abraham, 2013) 
d. Have students propose a new design
i. How could you improve this design? 
ii. What factors are important? Discuss those from Autumn 2007 paper
iii. Describe the design
iv. Optional: Write a proposal to the RTNN to fabricate and characterize newly designed gecko tape.
10. There are many more advanced physics equations that could be discussed that describe gecko toes.
a. See books and articles listed below under “Resources”
Structure of Gecko feet
Geckos are able to climb on walls—even walk on ceilings—but they don’t use glue, a chemical adhesive, or suction. If you touch a gecko toe it feels soft and smooth, and not sticky, at all. In fact, nanoscale structures on the underside of their feet give geckos the amazing ability to attach to a wide variety of surfaces. The gecko adhesive is directional, attaches strongly with minimal preload, detaches quickly and easily, sticks to nearly every material, exhibits rate-dependent adhesion, does not stay dirty or self-adhere and is nonsticky by default. Much of this is due to the structure of the gecko foot, but this complex system is still not fully understood.
The pad of a gecko toe contains approximately 20 leaf-like ridges called scansors that are covered with tiny hairlike stalks called setae. These were first documented in the 1870s. A single seta of the Tokay gecko (Gekko gecko) is roughly 110 micrometers long and 4.2 micrometers wide. Setae are similarly oriented and uniformly distributed on the scansors. Setae are mainly made of beta keratin (tough, insoluble) and some alpha keratin. In the early 1900s scientists discovered that these setae had a branched structure. When electron microscopy was developed in the 1950s, we could see that each seta had hundreds of split ends and flat tips. The end of each seta has about 400–1,000 branches ending in a spatula-like structure about 0.2–0.5 μm long. These are termed spatulae. Spatulae are hydrophobic and anti-adhesive.
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(From Bhusan 2016)
Mechanism for adhesion
The gecko's ability to adhere to vertical surfaces--even walk upside down on ceilings---is due to the special hierarchical structure of its toes. When a gecko places its foot on a wall or other surface and curls its toes, these nanoscale spatulae get so close to the nooks and crannies of the wall's surface that their atoms interact with the atoms of the wall. If toes were sticky like tape or relied on strong suction, it would be difficult for a gecko to walk or run, as it would be too hard to pull its feet from the surface. The forces between the atoms of the gecko foot and the atoms of the wall (called Van der Waal’s forces) are relatively weak forces when compared to normal bonding forces. The contact area between foot and surface must big enough so that these individual weak forces can add up to a very strong force, strong enough to hold up the Gecko. 
 Van-der-waals forces are relatively weak forces when compared to normal bonding forces. But for such weak forces to work, there must be an enormous intimate contact area between foot and surface, so that enough individual weak forces can add up to a very strong force. With its specialized feet, a gecko's traction is so strong that it can hold more than 100 times its weight. The two front feet of a tokay gecko can withstand 20.1 N of force (enough to support two pounds) parallel to the surface with 227 mm2 of pad area. The foot of a gecko contains ~3600 tetrads (sets of four setae) per mm2, or 14,400 setae per mm2.  But an individual seta can have an attractive force much stronger than expected. In fact, one seta is strong enough to support an ant’s weight, while a million could support a small child—about 10 N/cm2, where 10 N is about the weight of 1 kg. So the gecko has plenty of attractive force to spare. This means it can handle the rough, irregular surfaces of its natural habitat. 
The attractive force of the seta depends on the orientation of the seta and preloading the seta (slightly pressing the seta against the surface). The force is also far greater when the seta is gently pressed into the surface and then pulled along (shear forces). The mechanical program of attachment thus includes orientation of setae, preload, and drag. (Geckos can hang upside down on the ceiling: the Gecko foot is acting under sheer forces; it pulls all of its 4 feet inwards, thus the direction of the force is towards the body of the gecko.)
[image: ]The force also changes with the angle at which the hair is attached to the surface, so that the seta can detach at about 30°. These elaborate properties are exploited by the gecko’s behavior of uncurling its toes when attaching, and unpeeling while detaching. This means that the gecko can not only stick properly with each step, but also avoid getting stuck, all without using much energy. The setae slide against the surface on which there is perpendicular preload as long as the pulling is less than a critical angle (15˚) after which the detachment occurs.
(From Bhusan 2016)
What is not occurring
Secretion: There is no residue left behind as the gecko walks. Also geckos do not have glands in their feet that could secrete a sticky substance. 
Sticking by static electricity: Researchers charged the air around a gecko with X-rays to form charged molecules (ions). This would have caused any electric charge to leak away if the geckos used static electricity. The feet still stuck. 
Suction: In 1934, Wolf-Dietrich Dellit showed that gecko toes remain stuck even in a vacuum refuting suction as a mechanism. (Also, if this was the mechanism, geckos would have trouble on rough surfaces like trees and rocks.) 
Microinterlocking: This mechanism would involve the tips of the gecko setae acting as hooks that catch on surface irregularities (like Velcro). However, the ability of geckos to adhere on polished glass made this mechanism unlikely. By using the electron microscope they observed that spatula lie flat against the surface, increasing contact area, when the seta is engaged.
Other forces
The deformation of a substance is dictated by its stiffness or elasticity, which is reflected in a quantity called Young's modulus, measured in pascals (newtons per square meter). High values correspond to extremely rigid materials such as diamond (1012 pascals or 1 terapascal); fat cells have some of the lowest values (100 pascals). Bulk β-keratin is fairly hard, with a Young's modulus ranging from 1.3 to 2.5 gigapascals in bird claws and feathers (the values for β-keratin in lizards remain unknown). By contrast, a pressure-sensitive adhesive, like that used in masking tape, is made from a soft, viscoelastic material that is tacky—it spontaneously deforms to increase the area of surface contact and has a Young's modulus of below 100 kilopascals at 1 hertz, according to the so-called Dahlquist criterion. (Carl A. Dahlquist was a pioneering adhesives scientist at 3M.) Such adhesives can be attached and detached repeatedly without leaving a residue because they work primarily through weak intermolecular forces. However, they are prone to creep, degradation, self-adhesion and fouling. Structures made of β-keratin—such as gecko setae—should be too stiff to work like a pressure-sensitive adhesive. How can setae function as an adhesive if they are made of something so rigid? The answer lies in the micro- and nanostructure of the seta, according to a mathematical model developed in Prof. Ron Fearing's laboratory. His model represents setae as tiny cantilever beams that act as springs with an effective Young's modulus much lower than the gigapascal-hard β-keratin they are made of. The most recent experiments observed an effective modulus of about 100 kilopascals in isolated arrays from tokay geckos—remarkably close to the upper limit of the Dahlquist criterion. The unique hierarchy of structures on the gecko toe results in a low effective modulus, which causes gecko adhesive to have some of the same properties as properly tacky materials without the drawbacks. The combination of strength (at the level of the keratin protein) and ease of deformation (at the level of the spatulae and setae) may enable gecko adhesive to tolerate heavy, repeated use without creep or degradation. And because setae have a nonsticky default state and require mechanical deformation in order to adhere, they don't stick to each other or become fouled. The adhesion of gecko setae is programmable, direction-dependent and possesses a built-in release mechanism. 
Other interesting features
Gecko setae do not adhere spontaneously to surfaces, but require a mechanical program for attachment: orientation, preload, and drag. Unlike adhesive tapes, gecko setae do not self-adhere. Pushing together two setae does not result in adhesion. Furthermore, gecko setae do not get dirty from dirt/debris on the surfaces that they climb. This seems to occur by repeated contact with a clean surface. (Geckos do not groom their feet like some insects.) One possible mechanism is that self-cleaning occurs by an energy inequality between the adhesive forces attracting a piece of dirt to the surface and forces attracting the dirt to spatulae. 
Applications of synthetic dry adhesives:
Biomedical: robotic endoscopy, tissue adhesives
Robotics: window cleaners, emergency response, disasters
Assembly: screws, glues, interlocking tabs
Sports: football gloves, rockclimbing
Space: astronaut spacewalks
Criteria when designing biomimetic dry adhesives. See Pattantyus-Abraham paper for further explanation:
· Adhesion through van der Waals interactions
· Anisotropic adhesion
· A high pull-off to preload ratio
· Low detachment force when required
· Self-cleaning
· Anti-self-matting/self-adhesion
· A low to no adhesion state in the absence of sheer
Resources:
· NISE activity: http://www.nisenet.org/catalog/programs/biomimicry_synthetic_gecko_tape_through_nanomolding
· Making stuff smarter: http://www.pbs.org/video/1786635771/
· Gecko discussion starts at 11:02 in the video
· Journal articles:
· Gecko bibliography: http://robotics.eecs.berkeley.edu/~ronf/Gecko/gecko-biblio.html
· Bhusan. Biomimetics, bioinspired hierarchical-structured surfaces for green science and technology. Springer, 2016.
· Smith. Biological adhesives. Springer, 2016.
· http://iopscience.iop.org/article/10.1088/0022-3727/48/1/015401
· http://iopscience.iop.org/article/10.1088/0964-1726/22/2/025013/pdf
· Pattantyus-Abraham, Krahn, and Menon. “Recent advances in nanostructured biomimetic dry devices.” Frontiers in Bioengineering and Biotechnology, 2013. (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4090901/)
· Persson. “On the mechanism of adhesion in biological systems.” Journal of Chemical Physics, 2003. (http://aip.scitation.org/doi/abs/10.1063/1.1562192)
· Autumn. “How gecko toes stick.” American Scientist, 2006.
· Cutkosky. “Climing with adhesion: from bioinspiration to biounderstanding.” Interface Focus, 2015. (http://rsfs.royalsocietypublishing.org/content/5/4/20150015)
· Autumn, et al. “Adhesive force of a single gecko foot-hair.” Nature, 2000. (https://www.nature.com/nature/journal/v405/n6787/pdf/405681a0.pdf)
· Autumn. “Gecko adhesion: structure, function, and applications.” MRS Bulletin, 2007.
· https://www.nasa.gov/sites/default/files/files/P_Glass-Gecko_Inspired_Adhesive.pdf



Gecko Tape Activity
Materials (much of this can be purchased on Amazon) 
• Silicone mold making kit such as Smooth-On OOMOO 30 (Amazon) or Tap Plastics Silicone RTV Mold-Making System (Tap Plastics)
 • Polycarbonate Millipore Track etched Isopore membrane filter (TMTP04700, 5μm pore size, 47 mm diameter, Amazon link)
• Wide (2.5 inch) double sided sticky tape (Amazon)
• Disposable mixing container (any smooth glass/plastic wide mouth container, weigh boats work well) 
• Petri dishes (100 mm diameter, 1 for each piece of tape) 
• Stirrer sticks or plastic disposable knives 
• Weighing scale 
• Small plastic fruit basket or plastic cup 
• String 
• Paper clips 
• Weight (i.e., pennies or loose bolts and nuts) 
Procedure (24 hours in advance) 
(https://www.youtube.com/watch?v=7rl5xtUF1ug)
1. Tape the filter paper onto the back of the Petri dish with two-sided tape. The filters are made of a transparent material and are separated by blue colored paper. Always handle the filter paper with forceps and clean gloves. (It is very important that the filters be always handled through gloves, the pores on the filter are so small that dirt can completely block them.) There are two purposes for the double-sided tape. It holds the filter in place. It also seals the filter on one side, so that the silicon does not flow through. The tape must be at least as large as the filter itself. If you use two pieces of sticky tape they must not overlap or have a gap between them. Smooth down the filter paper with a clean, gloved finger to eliminate any air bubbles. 
2. Mix the two components of the silicone in a disposable container. For the Smooth-on brand silicone listed above above the ratio is 1:1.3 (A:B) by weight. (Follow directions included with the purchased silicone.) 
3. Stir the two components very well. The silicone is ready when there are no streaks and the color is a uniform blue (hint: look from the bottom of the container for any spots that have been missed). You have limited working time once you start mixing before the mixture starts to set. 
4. Carefully pour the mixture onto the filter from a height of 4-6 inches; this helps in expelling the air bubbles. Make sure that a uniform layer is covering the filter. You can tilt and shake the Petri dish to ensure that the silicone covers the entire filter, do not use fingers or any kind of tool to spread. Once the silicon is on the filter paper, visible air bubbles on the top surface are unimportant. 
5. Set the Petri dish aside to cure overnight, it will be ready for use in about 24 hrs (actual time will depend on the silicone purchased). After 24hrs it can be very easily peeled of the Petri dish. 
Over time, if contamination (like dust or fingerprints) is observed on the surface of the silicone gecko tape, it can be cleaned with ethanol and air-drying.
For testing the gecko tape
1. Attach string to the small plastic fruit basket or other container so that it can be hung. 
2. Attach a paper clip to the other end of the string. 
3. Attach the paper clip to the gecko tape by carefully piercing or clipping onto one end of the tape. During testing it is important the tape is completely flat on the surface that you want it to “stick” to. The gecko as well as the gecko tape ‘stick’ only under shear forces (forces parallel to the surface), when there are no forces acting on them, i.e. under no‐loading condition the tape is in a ‘non‐adhesive state’. It is similar to the behavior of a refrigerator magnet, as you pull down on a magnet it sticks harder.   
Horizontal setups as described here work best. If you use a vertical setup like a window or wall, the basket must be hanging completely free (not touching the wall). If the basket is touching the wall there will be a horizontal force exerted on the basket, perpendicular to the force of gravity. For the fibers to be engaged only shear forces (parallel to the surface) should be applied. The clip or hook that is used to connect the tape to the basket should not be on the same surface as the tape. Thus it is easiest to make sure that the clip/hook are offset from the surface that the tape is mounted on (see figure) if you use a horizontal setup. In the figure below a small piece of adhesive was used to attach the hook, in most cases it better to use small binder clips to avoid damaging the tape
4. Attach the tape to the surface similar to the one shown in the below figure. 
5. Slowly and gently add weights (pennies, clips, nuts, bolts, etc.) to the container. Initially you may need to press on top of the tape to ensure that the structures start to interact with the surface (called a preloading force). As you add sufficient weight, this becomes unnecessary as the pull of the basket will exert a shear force parallel to the tape which will cause the tape to hang by itself. The load bearing capability of a sample can be determined by increasing the load until the tape detaches itself from the surface.
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SEM Images of Gecko Tape (made from nanomolding activity)
[image: ][image: gecko_tape__2500x (2)][image: 6-24-gecko-300 (1)]

SEM Images of gecko tape being developed in research labs. (From Abraham et al. paper):
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Gecko Problem: 
When geckos fall, they can arrest themselves by re-attaching their toes to passing leaves or branches, a recovery that requires much of a gecko's adhesive safety margin.
[image: ]Consider the example of a 50-gram gecko falling from rest. If the gecko falls 10 centimeters before attaching a foot to a vertical surface, then it will be moving at 1.4 meters per second (neglecting air resistance). If the foot is able to produce 5 N of friction (though each foot is capable of producing close to 10 N), how quickly will the gecko stop? How far on the leaf will his foot slide before stopping?

Answer: The gecko will come to a stop in 15 milliseconds after sliding 1.1 centimeters. In this theoretical example, recovering from a modest fall of 10 centimeters requires 50 percent of the shear capacity of one foot based on whole animal measurements (but still less than 4 percent of the theoretical maximum calculated from single setae).
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[image: How the Gecko Sticks to a Wall.  Chronicle graphic by Steve Greenberg]
(http://www.sfgate.com/science/article/Sticky-Secrets-of-the-Gecko-Researchers-have-3240314.php)
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HOW THE GECKO STICKS T0 A WALL

Researchers have discovered that a Tokay gecko can climb a vertical
wall, stick upside down or even cfing to polished glass without benefit
of suction, sticky secretions, electrostatic forces, friction or Velco-like
interlocking. Instead, the lizard uses an elaborate array of toe-hairs
and a peeling motion to form intermolecular bonds with the surface
as it walks.

Gecko foot structure
As seen in increasingly magnified views
How the gecko moves and
e adheres (an approximation)
gecko's foot has i
st r e cE aekee The motion of a foot on a wall  The setae, greatly enlarged
~ fibrous structures of
keratin, the material of

fingernails ~ about
500,000 per foot.

The gecko moves with a pecular motion of curling and
uncurling is toes, up to 15 times a second.

E
When the spatulae reach the proper angle and pressure

against the surface, they get so close that they generate
the same binding force that holds molecules together.

R
VRS

These setae are fined
up in rows on the

2 gecko's toes. Each
seta is about a tenth
the diameler of a
human hair.

Asingle seta, depicted
at left, ends in what
appears to be an array
of spit ends; these are
clumps of 400 to
1,000 tiny structures
called spatulae.

The gecko tries to find the proper angle and pressure by
moving its toes. The adhesive force of one spatula may
not amount to much, but collectively they generate an

These spatulae, impressive force.
numbering perhaps a
billion per gecko, are t
A\ %Y | around 10 mitiontns
R of aninch across,and | [
\| whenspreadout, | | &
begin to interact with
asurface ata ¢
NY7A1 Aojeciiaevet As the gecko begins curling its feet again, an angle of
Siron i A Lo i oo s around 30° starts to break the molecuiar force and the
Robert J. Full UC Berkeley: Nature magazne. bond is released, leaving no residue.

P ———- e




image1.jpeg




