12 Properties, Principles, and Parameters of the Gecko
Adhesive System

KELLAR AUTUMN

“The designers of the future will have smarter adhesives that do considerably
more than just stick” (Fakley 2001)

12.1 Introduction

Gecko toe pads are sticky because they feature an extraordinary hierarchy of
structure that functions as a smart adhesive. Gecko toe pads (Russell 1975)
operate under perhaps the most severe conditions of any adhesives applica-
tion. Geckos are capable of attaching and detaching their adhesive toes in
milliseconds (Autumn et al. 2006) while running with seeming reckless
abandon on vertical and inverted surfaces, a challenge no conventional
adhesive is capable of meeting. Structurally, the adhesive on gecko toes dif-
fers dramatically from that of conventional adhesives. Conventional pres-
sure sensitive adhesives (PSAs) such as those used in adhesive tapes are
fabricated from materials that are sufficiently soft and sticky to flow and
make intimate and continuous surface contact (Pocius 2002). Because they
are soft and sticky, PSAs also tend to degrade, foul, self-adhere, and attach
accidentally to inappropriate surfaces. Gecko toes typically bear a series of
scansors covered with uniform microarrays of hair-like setae formed from
B-keratin (Wainwright et al. 1982; Russell 1986), a material orders of magni-
tude stiffer than those used to fabricate PSAs. Each seta branches to form a
nanoarray of hundreds of spatular structures that make intimate contact
with the surface.

Functionally, the properties of gecko setae are as extraordinary as their
structure: the gecko adhesive is 1) directional, 2) attaches strongly with min-
imal preload, 3) detaches quickly and easily (Autumn et al. 2000; Autumn and
Peattie 2002), 4) sticks to nearly every material, 5) does not stay dirty (Hansen
and Autumn 2005) or 6) self-adhere, and 7) is nonsticky by default. While
some of the principles underlying these seven functional properties are now
well understood, much more research will be necessary to fully map out the
parameters of this complex system.
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Over two millennia ago, Aristotle commented on the ability of the gecko to
“run up and down a tree in any way, even with the head downwards”
(Aristotle 1918). How geckos adhere has attracted substantial and sustained
scientific scrutiny (Cartier 1872a; Gadow 1901; Schmidt 1904; Hora 1923;
Dellit 1934; Mahendra 1941; Maderson 1964; Ruibal and Ernst 1965; Hiller
1968, 1969, 1975; Gennaro 1969; Russell 1975, 1986; Williams and Peterson
1982; Stork 1983; Schleich and Kistle 1986; Weitlaner 1902; Irschick et al.
1996; Autumn et al. 2000, 2002b; Autumn and Peattie 2002; Arzt et al. 2003;
Huber et al. 2005a; Hansen and Autumn 2005). The unusual hairlike
microstructure of gecko toe pads has been recognized for well over a century
(Cartier 1872a,b, 1874; Braun 1878). Setal branches were discovered using
light microscopy (Schmidt 1904), but the discovery of multiple split ends
(Altevogt 1954) and spatular nanostructure (Ruibal and Ernst 1965) at the tip
of each seta was made only after the development of electron microscopy.

A single seta of the tokay gecko is approximately 110 pm in length and 4.2
um in diameter (Ruibal and Ernst 1965; Russell 1975; Williams and Peterson
1982) (Fig. 12.1). Setae are similarly oriented and uniformly distributed on

Fig. 12.1. Structural hierarchy of the gecko adhesive system: (a) ventral view of a tokay gecko
(Gekko gecko) climbing a vertical glass surface; (b) ventral view of the foot of a tokay gecko,
showing a mesoscale array of seta-bearing scansors (adhesive lamellae) (images A and B by
Mark Moffett); (c) microscale array of setae are arranged in a nearly grid-like pattern on the
ventral surface of each scansor. In this scanning electron micrograph, each diamond-shaped
structure is the branched end of a group of four setae clustered together in a tetrad; (d) micro-
graph of a single gecko seta assembled from a montage of five Cryo-SEM images (image by Stas
Gorb and K. Autumn). Note individual keratin fibrils comprising the setal shaft; (e) nanoscale
array of hundreds of spatular tips of a single gecko seta; (f) synthetic spatulae fabricated from
polyimide at UC Berkeley in the lab of Ronald Fearing using nanomolding (Campolo et al. 2003)
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the scansors. Setae branch at the tips into 100-1000 more structures (Ruibal
and Ernst 1965; Schleich and Késtle 1986) known as spatulae. A single spat-
ula consists of a stalk with a thin, roughly triangular end, where the apex of
the triangle connects the spatula to its stalk. Spatulae are approximately 0.2
um in length and also in width at the tip (Ruibal and Ernst 1965; Williams and
Peterson 1982). While the tokay is currently the best studied of any adhesive
gecko species, there are over a thousand species of gecko (Han et al. 2004),
encompassing an impressive range of morphological variation at the spatula,
seta, scansor, and toe levels (Maderson 1964; Ruibal and Ernst 1965; Russell
1975, 1981, 1986; Peterson and Williams 1981; Williams and Peterson 1982;
Stork 1983; Schleich and Kistle 1986; Russell and Bauer 1988, 1990a,b; Roll
1995; Irschick et al. 1996; Autumn and Peattie 2002; Arzt et al. 2003). Setae
have even evolved on the tails of some gecko species (Bauer 1998).
Remarkably, setae have evolved convergently in iguanian lizards of the genus
Anolis (Braun 1879; Ruibal and Ernst 1965; Peterson and Williams 1981), and
in scincid lizards of the genus Prasinohaema (Williams and Peterson 1982;
Irschick et al. 1996). This chapter aims broadly at identifying the known
properties of the gecko adhesive system, possible underlying principles, and
quantitative parameters that affect system function. However, much of what
is known is based on studies of a single species-the tokay gecko (Gekko
gecko)-and the degree of variation in function among species remains an
open question that should be kept in mind.

12.2 Adhesive Properties of Gecko Setae

Two front feet of a tokay gecko (Gekko gecko) can withstand 20.1 N of force
parallel to the surface with 227 mm? of pad area (Irschick et al. 1996). The foot
of a tokay bears approximately 3600 tetrads of setae per mm?, or 14,400 setae
per mm? (Schleich and Kistle 1986; pers. obs.). Consequently, a single seta
should produce an average force of 6.2 LN, and an average shear stress of
0.090 N mm™ (0.9 atm). However, single setae proved both much less sticky
and much more sticky than predicted by whole animal measurements, under
varying experimental conditions, implying that attachment and detachment
in gecko setae are mechanically controlled (Autumn et al. 2000).

12.2.1 Properties (1) Anisotropic Attachment and (2) High Adhesion
Coefficient (1)

Using a newly developed micro-electromechanical systems (MEMS) force
sensor (Chui et al. 1998), Autumn et al. (2000) measured the adhesive and
shear force of a single isolated gecko seta. Initial efforts to attach a single seta
failed to generate forces above that predicted by Coulomb friction because of
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the inability to achieve the proper orientation of the seta in six degrees of
freedom. The angle of the setal shaft was particularly important in achieving
an adhesive bond. Strong attachment occurred when using proper orienta-
tion and a motion based on the dynamics of gecko legs during climbing
(based on force plate data; Fig. 12.2; Autumn et al. 2006). A small normal pre-
load force yielded a shear force of ~40 UN, six times the force predicted by
whole-animal measurements (Irschick et al. 1996). The small normal preload
force, combined with a 5-um proximal shear displacement yielded a very
large shear force of 200 uN, 32 times the force predicted by whole-animal
measurements (Irschick et al. 1996) and 100 times the frictional force meas-
ured with the seta oriented with spatulae facing away from the surface
(Autumn et al. 2000). The preload and drag steps were also necessary to ini-
tiate significant adhesion in isolated gecko setae, consistent with the load
dependence and directionality of adhesion observed at the whole-animal
scale by Haase (1900) and Dellit (1934). The ratio of preload to pulloff force
is the adhesion coefficient, |/, which represents the strength of adhesion as a

Level Climbing

Fig. 12.2. Single-leg ground reaction forces in running geckos (Hemidactylus garnotii): (a) dur-
ing level running, geckos’ front legs produce deceleratory ground reaction forces while their
hind legs produce acceleratory forces (Autumn et al. 2006). All legs push away from the body,
producing ground reaction forces aimed through the joints toward the center of mass, mini-
mizing joint moments, and possibly stabilizing the animal as it runs. Circles with dots represent
positive ground reaction forces normal to the surface. During level running these represent the
forces that support the animal’s weight; (b) during vertical climbing, geckos have similar kine-
matics, but alter dramatically their kinetics in comparison to level running (Chen et al. 2006).
While climbing, all legs accelerate the body up the wall, and all legs pull in toward the center of
mass, engaging the adhesive setae and claws. Front limbs pull away from the surface and hind
limbs push into the surface, producing a torque that tips the head toward the wall, counteract-
ing the tendency of the animal’s head to pitch back as it climbs
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function of the preload (Bhushan 2002). In isolated gecko setae, a 2.5-uN pre-
load yielded adhesion between 20 UN (Autumn et al. 2000) and 40 uN
(Autumn et al. 2002b) and thus a value of I’ of between 8 and 16.

12.2.1.1 Large Safety Factor for Adhesion and Friction?

All 6.5 million (Schleich and Kistle 1986; Irschick et al. 1996) setae of a 50-g
Tokay gecko attached maximally could theoretically generate 1300 N (133 kg
force) of shear force-enough to support the weight of two humans. This sug-
gests that a gecko need only attach 3% of its setae to generate the greatest
forces measured in the whole animal (20 N; Irschick et al. 1996). Only less
than 0.04% of a gecko’s setae attached maximally are needed to support its
weight of 50 g on a wall. At first glance, gecko feet seem to be enormously
overbuilt by virtue of a safety margin of at least (20 N/0.5 N)—1=3900%.
However, it is unlikely that all setae are able to achieve the same orientation
simultaneously. The proportion of spatulae attached may be greatly reduced
on rough surfaces (particularly those with roughness on the same scale as
spatulae or setae) (Persson and Gorb 2003). On dusty or exfoliating surfaces,
attachment to a well-anchored substrate will not be possible for every seta.
Geckos may use a significant portion of their safety margin while withstand-
ing high winds during tropical storms, resisting predator attack, or recover-
ing adhesion after a fall (Hecht 1952; Vinson and Vinson 1969; Russell 1976;
Autumn and Peattie 2002; Pianka and Sweet 2005).

Geckos have been observed to recover from a fall by re-attaching their toes
to leaves or branches as they plummet (Vitt and Zani 1997; Pianka and Sweet
2005). A simple calculation suggests that recovery from a fall may require a
large proportion of a gecko’s safety margin of adhesion or friction. Consider
a 50-g gecko falling from rest. If the gecko attaches a foot to a vertical surface
after it has fallen 10 cm (neglecting air resistance) it will be moving at 1.4 m/s.
If the foot is able to produce 5 N of friction, the gecko will be able to come to
a stop in 15 ms after sliding 1.1 cm. In this theoretical example, recovering
from a fall of the very modest distance of 10 cm would require 50% of the
shear capacity of one foot based on whole animal measurements (Irschick
et al. 1996) but still less than 4% of the theoretical maximum shear stress cal-
culated for single setae (Autumn and Peattie 2002).

12.2.2 Property (3) Low Detachment Force

The surprisingly large forces generated by single setae raised the question of
how geckos manage to detach their feet in just 15 ms (Autumn et al. 2006) with
no measurable detachment forces (Autumn et al. 2006). We discovered that
simply increasing the angle that the setal shaft (1) makes with the substrate to
30° causes detachment (Autumn et al. 2000). We proposed that as the angle of
the setal shaft increases, sliding stops and stress increases at the trailing edge
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of the seta, causing fracture of the seta-substrate bonds (Autumn et al. 2000)
and returning the seta to the unloaded default state. This scenario is supported
by models of setae as cantilever beams (Sitti and Fearing 2003; Gao et al. 2005;
Spolenak et al. 2005) and by finite element modeling (FEM) of the seta (Gao
et al. 2005). FEM simulation of the single seta pulloff experiment in Autumn
et al. (2000) revealed more than an order of magnitude decrease in adhesive
force as o increased from 30° to 90°. The FEM simulation also identified a
transition from sliding to peeling that occurs at 0.=30°, consistent with can-
tilever beam-based models (Sitti and Fearing 2003) and empirical observa-
tions that setae slide at <30° but detach at >30° (Autumn et al. 2000). Thus
the gecko adhesive can be thought of as the first known programmable adhe-
sive. Preload and drag steps turn on and modulate stickiness while increasing
the shaft angle to 30° turns off stickiness.

12.2.3 Integration of Body and Leg Dynamics with Setal Attachment and
Detachment

How attachment and detachment of millions of setae during locomotion are
integrated with the function of the scansor, toe, foot, leg, and body remains a
topic of interest and ongoing research (Russell 1986, 2002; Autumn and
Peattie 2002; Autumn et al. 2005a,b; Gao et al. 2005). Since gecko setae require
a preload in the normal axis for adhesion, large forces could potentially be
associated with attachment of the foot. The tremendous adhesive capacity of
gecko setae suggests that large forces could also occur during detachment. In
fact, no measurable ground reaction forces were associated with either
attachment or detachment during vertical climbing on a force plate of the
house gecko Hemidactylus garnotii (Autumn et al. 2006), indicating that
these actions are either mechanically decoupled from the center of mass in
this species, or result in forces so small as to be undetectable. Russell (2002)
suggested that in the tokay (Gekko gecko), the perpendicular preload and
5 um drag requirements (Autumn et al. 2000; Autumn and Peattie 2002) are
controlled by hydrostatic pressure in the highly derived blood sinuses, and
lateral digital tendon system, respectively. However, control of inflation and
deflation of the sinuses remains to be demonstrated. This mechanism would
not be available to those species that lack blood sinuses.

Setal preload and drag could also be a consequence of force development
during the stride (Fig. 12.2). The force necessary to bend even thousands of
setae into an adhesive orientation is probably quite small (at most 10 mN;
Autumn and Peattie 2002) and possibly below the threshold of the force plate
used (Autumn et al. 2006). Another possibility is that attachment is a rever-
sal of the peeling process of toe detachment, which may be decoupled from
the center of mass. The gecko’s foot may approach the substrate without
pressing into it and re-apply the adhesive by unrolling its toes like a new
year’s party favor. This process is called digital hyperextension (Russell 1975,
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2002). In this case, setal preload forces would be spread out over time, and
would likely be far below the 1 mN resolution of force plates used in meas-
urements of whole body and single leg dynamics of small animals (Biewener
and Full 1992).

Peeling may reduce detachment and attachment forces, but may limit speed
during vertical climbing. If toe peeling and uncurling in climbing geckos
requires some minimum time, then speed cannot be increased by reducing
contact time as is typical in level running. Hemidactylus garnotii increased
velocity by increasing stride length (Autumn et al. 2006). Attachment and
detachment occupied a constant value of approximately 20 ms.

12.2.4 Molecular Mechanism of Gecko Adhesion

While setal structures of many gecko species are well documented, a com-
plete understanding of what makes them adhere has been more elusive. At
the turn of the twentieth century, Haase (1900) noted that attachment is load-
dependent and only occurs in one direction: proximally along the axis of the
toe. Haase was also the first to suggest that geckos stick by intermolecular
forces (Adhdsion), noting that under this hypothesis the attractive force
should increase as the space between the feet and the substrate decreases.
However, at least seven possible mechanisms for gecko adhesion have been
discussed over the past 175 years.

12.2.4.1 Unsupported Mechanisms: Glue, Suction, Electrostatics,
Microinterlocking, and Friction

Since geckos lack glandular tissue on their toes, sticky secretions (Dewitz 1882)
were ruled out early in the study of gecko adhesion (Wagler 1830; Cartier
1872b; Simmermacher 1884). The hypothesis that the toe pads acted as suction
cups was first proposed by Wagler (1830), who classified geckos as amphibians.
The hypothesis that individual setae act as miniature suction cups was first
under debate in the insect adhesion literature (Blackwall 1845; Hepworth 1854).
Dewitz argued against suction as an explanation for gecko adhesion (1882), but
Simmermacher (1884) considered suction to be the most likely mechanism.
However, there are no data to support suction as an adhesive mechanism, and
the adhesion experiments carried out in a vacuum by Dellit (1934) suggest that
suction is not involved. Measurements of 9 atm of adhesive stress (Autumn
et al. 2002b) strongly contradict the suction hypothesis. Despite substantial evi-
dence against it, the suction hypothesis has been surprisingly tenacious in the
popular literature (e.g. Gennaro 1969). Electrostatic attraction (Schmidt 1904)
was another hypothesized mechanism for adhesion in gecko setae.
Experiments using X-ray bombardment (Dellit 1934) eliminated electrostatic
attraction as a necessary mechanism for setal adhesion since geckos could still
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adhere to metal in ionized air. However, electrostatic effects could enhance
adhesion even if another mechanism is operating (Maderson 1964).

Setae are recurved such that their tips point proximally, leading Dellit (1934)
to hypothesize that setae act as micro- or nanoscale hooks, catching on surface
irregularities (microinterlocking). Mahendra (1941) suggested that setae were
analogous to the Crampon of a climbers boot. Microinterlocking was chal-
lenged by the ability of geckos to adhere while inverted on polished glass. This
mechanism could play a secondary role under some conditions, but the pres-
ence of large adhesive forces on a molecularly smooth SiO, MEMS semicon-
ductor (Autumn et al. 2000) demonstrates that surface irregularities are not
necessary for adhesion. The friction hypothesis (Hora 1923) can be dismissed
since, by definition, friction only acts in shear (Bhushan 2002), and therefore
cannot in itself explain the adhesive capabilities of geckos on inverted surfaces.

12.2.4.2 Potential Intermolecular Mechanisms: van der Waals and
Capillary Forces

Using the greatly enhanced resolution of electron microscopy, Ruibal and
Ernst (1965) described the spatular structures at the setal tips. They con-
cluded that spatulae were unlikely to function like the spikes on climbing
boots and postulated that the spatulae lie flat against the substrate while the
seta is engaged. It was clear to them that these flattened tips increased the
realized contact area. Ruibal and Ernst (1965) concluded that gecko adhesion
was the result of molecular interactions, not mechanical interlocking. The
turning point in the study of gecko adhesion came with a series of experi-
ments (Hiller 1968, 1969) that suggested that the surface energy of the sub-
strate, rather than its texture, determined the strength of attachment. By
providing evidence that intermolecular forces were responsible, Hiller paved
the way for the application of modern methods of surface science
(Israelachvili 1992) in studies of gecko adhesion (Autumn et al. 2000, 2002b;
Autumn and Peattie 2002; Huber et al. 2005a; Hansen and Autumn 2005).

Hiller (1968, 1969, 1975) showed that shear force was correlated with the
water droplet contact angle of the surface, and thus with the surface energy of
the substrate, providing the first direct evidence that intermolecular forces
are responsible for attachment in geckos.

Intermolecular capillary forces are the principal mechanism of adhesion in
many insects (Gillett and Wigglesworth 1932; Edwards and Tarkanian 1970;
Lee et al. 1986; Lees and Hardie 1988; Brainerd 1994), frogs (Emerson and
Diehl 1980; Green 1981; Hanna and Barnes 1991) and even mammals
(Rosenberg and Rose 1999). Unlike many insects, geckos lack glands on the
surface of their feet (Cartier 1872a; Bellairs 1970). However, this does not pre-
clude the role of capillary adhesion (von Wittich 1854, quoted directly in
Simmermacher 1884; Baier et al. 1968; Israelachvili 1992; Stork 1980) since
layers of water molecules are commonly present on hydrophilic surfaces at
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ambient humidities, and can cause strong attraction between surfaces. The
observation (Hiller 1968, 1971, 1975) that geckos cannot adhere to polytetra-
fluoroethylene (PTFE; Teflon) is consistent with the capillary hypothesis,
since PTFE is strongly hydrophobic. Indeed, the apparent correlation
between adhesive force and hydrophobicity (water contact angle) (Hiller
1968, 1971, 1975) suggested that the polarity of the surface might be an
important factor in the strength of adhesion (Autumn and Peattie 2002).

A non-mutually-exclusive alternative mechanism is van der Waals force
(Stork 1980; Autumn et al. 2000). van der Waals force is strongly dependent
on the distance between surfaces, increases with the polarizability of the two
surfaces, and is not related directly to surface polarity (Israelachvili 1992).
The observation (Hiller 1968) that geckos cannot adhere to PTFE is consis-
tent with both van der Waals and capillary hypotheses, since PTFE is weakly
polarizable and hydrophobic.

12.2.4.3 Contact Angle Estimates of Surface Energy

Hiller’s experiments (Hiller 1968, 1969, 1975) were groundbreaking because
they provided the first direct evidence for adhesion sensu stricto. The precise
nature of the adhesion remained unknown until 2002 (Autumn and Peattie
2002; Autumn et al. 2002b). The intermolecular attraction between any fluid
droplet and a surface is due to a combination of dispersive (van der Waals)
and polar components (Israelachvili 1992; Pocius 2002). Water contact angle
by itself cannot be used to determine the relative contributions of van der
Waals and polar interactions. Complete liquid droplet contact angle analyses
require a series of fluids ranging from dispersive (e.g. methylene iodide) to
primarily polar (e.g. water) in order to partition the relative contributions of
the different intermolecular forces (Baier et al. 1968; Israelachvili 1992; Pocius
2002). However, it is possible to test the hypothesis that van der Waals forces
are sufficient for gecko adhesion by reanalyzing Hiller’s data to linearize the
relationship between water contact angle and adhesion energy (Autumn and
Peattie 2002). Hiller’s data (Hiller 1968, 1969, 1975) when linearized (Autumn
and Peattie 2002), yield a strong correlation between force and adhesion
energy for 0>60°, consistent with the van der Waals hypothesis.

12.2.5 Property (4) Material Independent Adhesion

12.2.5.1 Testing the van der Waals and Capillary Adhesion Hypotheses

To test directly whether capillary adhesion or van der Waals force is a sufficient
mechanism of adhesion in geckos, Autumn and colleagues (2002b) measured

the hydrophobicity of the setal surface and measured adhesion and friction on
two polarizable semiconductor surfaces that varied greatly in hydrophobicity.
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If capillary adhesive forces dominate, we expected a lack of adhesion on the
strongly hydrophobic surfaces. In contrast, if van der Waals forces are suffi-
cient, we predicted large adhesive forces on the hydrophobic, but polarizable
GaAs and Si MEMs surfaces. In either case we expected strong adhesion to the
hydrophilic SiO, control surfaces. We showed that tokay gecko setae are ultra-
hydrophobic (160.9 °; Autumn et al. 2002b; Autumn and Hansen 2005), proba-
bly a consequence of the hydrophobic side groups of B-keratin (Bereiter-Hahn
et al. 1984). The strongly hydrophobic nature of setae suggests that they inter-
act primarily via van der Waals forces whether water is present or not.

Shear stress of live gecko toes on GaAs (6=110°) and SiO, (6=0°) semi-
conductors was not significantly different, and adhesion of a single gecko seta
on the hydrophilic SiO, and hydrophobic Si cantilevers differed by only 2%.
These results reject the hypothesis that polarity (as indicated by 0) of a sur-
face predicts attachment forces in gecko setae, as suggested by Hiller (1968,
1969), and are consistent with reanalysis of his data using adhesion energies
(Autumn and Peattie 2002). Since van der Waals force is the only mechanism
that can cause two hydrophobic surfaces to adhere in air (Israelachvili 1992),
the GaAs and hydrophobic semiconductor experiments provide direct evi-
dence that van der Waals force is a sufficient mechanism of adhesion in gecko
setae, and that water-based capillary forces are not required. Setal adhesion
is strong on polar and nonpolar surfaces, perhaps because of the strongly
hydrophobic material they are made of, and due to the very large contact
areas made possible by the spatular nanoarray. Gecko setae thus have the
property of material independence: they can adhere strongly to a wide range
of materials, largely independently of surface chemistry.

12.2.5.2 The Role of Water in Gecko Adhesion

Property (4), material independent adhesion, does not preclude an effect of
water on gecko adhesion under some conditions. Water is likely to alter con-
tact geometry and adhesion energies when present between hydrophobic
(e.g. spatula) and hydrophilic (e.g. glass) surfaces, but it is exceedingly diffi-
cult to predict what the effect will be in gecko setae because of the complex-
ity of the system. An excellent example of the difficulty of interpreting the
effect of water on gecko adhesion is a study by Sun et al. (2005) that used a
model of interaction of two hydrophilic surfaces as a function of humidity to
predict greatest adhesion due to capillary forces at 70-80% relative humidity
(RH). Sun et al. measured greater adhesion in gecko spatulae at 70% RH than
in dry air. However, the theory and methods of this study leave room for
interpretations other than that favored by its authors. While the parameters
and assumptions of the capillary model were not presented in their paper, it
is clear that a hydrophilic-hydrophilic model is not applicable to gecko setae
since they are strongly hydrophobic (Autumn et al. 2002b; Autumn and
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Hansen 2005). This raises the question of how to explain the apparent effect
of humidity on gecko adhesion by Sun et al. (2005).

It is interesting to consider the possibility that adsorbed water could act
as an interlayer, with van der Waals forces acting between setae and water,
while polar interactions could dominate between water and the substrate.
Water could reduce adhesion on rough surfaces by preventing spatular
penetration into gaps, thus decreasing the contact fraction (Persson and
Gorb 2003). Alternatively, a fluid interlayer could enhance adhesion on
rough surfaces by filling in gaps and increasing the contact fraction. The
property of material independence predicts that the primary effect of water
would be to alter the contact fraction, not adhesion energy. This is sup-
ported by measurements of spatular adhesion using AFM (Huber et al.
2005b). Huber et al. (2005b) confirmed that humidity can have a significant
effect on adhesion. However, in contrast to the conclusions of Sun et al.
(2005), Huber et al. (2005b) rejected “true” capillary forces involving a
water bridge since only a few monolayers of water were present at the spat-
ula-substrate interface - even at high humidity. Instead, they concluded
that humidity 1) modifies the contact geometry, increasing adhesion, and
2) decreases the van der Waals Hamaker constant (A), reducing adhesion.
These two effects balanced each other to yield an increase in adhesion from
7nN at low humidity to 12nN at high humidity. Thus van der Waals inter-
actions not capillary forces best explain the results of Sun et al. (2005).
These results support prior work (Autumn et al. 2002) showing that geckos
can adhere solely by van der Waals forces.

It is well known that hydrophobic-hydrophobic interactions in air are due
solely to van der Waals force. Since plant surfaces are generally hydrophobic
(Holloway 1969; Jeffree 1986), as are gecko setae, it remains unclear whether
the effect of humidity is important in nature. An additional potential effect of
humidity would be to alter material properties or surface chemistry of the
setal protein, but this remains theoretical at this point. The effect of water on
adhesion and friction in gecko setae will be a challenging and productive
research area.

12.2.5.3 Dominance of Geometry in VAW Interactions

The theoretical magnitude of van der Waals force between a planar substrate

2
and a circular planar spatula of radius R (Israelachvili 1992) is Fyaw= —253,

and for a planar substrate and a curved spatula of radius R, Fyaw= %, where

A represents the Hamaker constant, D is the gap distance (typically 0.2 nm for
solids in contact). 4 is a function of the volume and polarizability of the mol-
ecules involved.

A, the Hamaker constant, for materials interacting in dry air is typically
approx. 107 J. Altering the chemical composition of one or both surfaces
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can alter A, which can be as low as approx. one-half to one-third this value
for some polymer-polymer interactions (e.g. PTFE or polystyrene), and as
high as five times this value for some metal-on-metal interactions. In
water, A can be reduced by an order of magnitude. Nevertheless, the vari-
ation in A is only about an order of magnitude while gap distance and con-
tact area may vary by six or more orders of magnitude without
macroscopically visible changes at the interface. Moreover, the effects of
gap distance are exponential to a power of at least two. Thus adhesive sur-
face effects due to van der Waals interactions are a function primarily of
geometry, not of chemistry. A van der Waals mechanism for adhesion in
gecko setae suggests that continuum theory models of the mechanics of
surface contact (Johnson 1985) may be applicable. Then again, since the
complex structure of setae and spatulae differs dramatically from the ideal
curved and planar surfaces used in contact mechanics models, one might
question the validity of models based on simple geometries to the function
of gecko setae.

12.2.5.4 JKR Model of Spatulae

The mechanics of contact have been modeled using continuum theory and
highly simplified geometries. For example the Johnson, Kendall, Roberts
(JKR; Johnson et al. 1973) model considers the force F required to pull an
elastic sphere of radius R from a planar surface. The predicted adhesion force
is given by, F =(3/2) R, where yis the adhesion energy between the sphere
and the surface. Using values of R=100 nm and y=50 m]J/m?, the predicted
force for a gecko spatula is F =23.6 nN, approx. twice the value measured by
AFM (Huber et al. 2005a) (Table 12.1).

Another test of the validity of the JKR model is to begin with the forces
measured in single setae, and then calculate the size of the JKR sphere
(Autumn et al. 2002b). Adhesion is ~40 UN per seta on silicon cantilever sur-
faces (Table 12.1). The setal tip is approximately 43 um? in area, and there-
fore the adhesive stress (o) was ~917 kPa. If the spatulae are packed tightly,
0 =(3/2)nRy/ nR*=(3/2)y/R. Using a typical adhesion energy for van der
Waals surfaces (y=50-60 mJ/m?), solving for the predicted radii (R) of indi-
vidual spatulae using empirical force measurements: R=(3/2)y/c =82-98
nm, (164-196 nm in diameter). This value is remarkably close to empirical
measurements of real gecko spatulae (200 nm in width) (Ruibal and Ernst
1965; Autumn et al. 2000) yet obviously spatulae are not spherical
(Fig. 12.1E). Note that the preceding estimate of R using the JKR model dif-
fers from that of Autumn and colleagues (Autumn et al. 2002b) in that they
estimated the area of one seta using setal density, and arrived at a similar but
somewhat lower value for 0. The confirmation that the JKR model predicts
similar magnitudes of force as observed in setae suggested the extraordinary
conclusion that adhesion can be enhanced simply by splitting a surface into
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Table 12.1. Scaling of adhesion and friction stresses in tokay gecko setae. Shear stress decreases
approximately exponentially (Fig. 12.6), or approximately linearly on a log-log scale. The
Kendall peel model prediction uses a square spatula of 100 nm on a side. The JKR model pre-
diction uses a spherical spatula with 100 nm radius. Both predictions use an adhesion energy of
W=50 mJ/m?. Note that the similarity of area between single toe and single foot is due to the use
of larger geckos in the single toe measurements

Stress Stress
Scale Mode Force Area (kPa) (atm)
Single spatula Adhesion 10 nN 0.02 p? 500 4.9
(Huber et al. 2005a)
JKR model Adhesion 23.56 nN 0.0314 p? 750 7.4
prediction for
single spatula
Kendall peel model Adhesion 10.00 nN 0.04 p? 250 2.5
prediction for single
spatula
Single seta (Autumn Adhesion 20 uN 43.6 u? 458 4.5
et al. 2000)
Single seta (Autumn Adhesion 40 uN 43.6 u? 917 9.0
et al. 2002a,b)
Single seta (Autumn Friction 200 UN 43.6 u? 4585 45.2
et al. 2000)
Setal array (Hansen Friction 0.37 N 0.99 mm? 370 3.7
and Autumn 2005)
Single toe (Hansen Friction 43N 0.19 cm? 226 2.2
and Autumn 2005)
Single foot (Autumn Friction 46N 0.22 cm? 186 1.8
et al. 2002a, b)
Two feet (Irschick Friction 204 N 2.27 cm? 90 0.9
et al. 1996)

small protrusions to increase surface density (Autumn et al. 2002b) and that
adhesive stress is proportional to 1/R (Arzt et al. 2002). This model is sup-
ported by a comparative analysis of setae in lizards and arthropods (Arzt
et al. 2003) (see Sect. 12.5.1).

12.2.5.5 Kendall Peel Model of Spatulae

Spatulae may also be modeled as nanoscale strips of adhesive tape (Huber
et al. 2005a; Spolenak et al. 2004; Hansen and Autumn 2005). Using the
approach of Kendall (1975), F=y w, assuming there is negligible elastic energy
storage in the spatula as it is pulled off, and where w is the width of the spat-
ula, and yis the adhesion energy as for the JKR model. Empirical measure-
ments of spatular adhesion (Huber et al. 2005a) suggest that each spatula
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adheres with approximately 10 nN force. Using a value of y=50 m]J/m?
typical of van der Waals interactions the Kendall peel model predicts a spat-
ular width of 200 nm, remarkably close to the actual dimension (Ruibal and
Ernst 1965; Autumn et al. 2000).

Theoretical considerations suggest that generalized continuum models of
spatulae as spheres or nanotape are applicable to the range of spatula size and
keratin stiffness of setae found in reptiles and arthropods (Spolenak et al.
2004). Interestingly, at the 100 nm size scale the effect of shape on adhesion
force may be relatively limited (Gao and Yao 2004; Spolenak et al. 2004).
However, at sizes above 100 nm and especially above 1 um, Spolenak et al.
(2004) concluded that shape should have a very strong effect on adhesion
force. A phylogenetic comparative analysis of attachment force in lizards and
insects will be an important test of this hypothesis.

12.3 Anti-adhesive Properties of Gecko Setae

Paradoxical as it may seem, there is growing evidence that gecko setae are
strongly anti-adhesive. Gecko setae do not adhere spontaneously to surfaces,
but instead require a mechanical program for attachment (Autumn et al.
2000). Unlike adhesive tapes, gecko setae do not self-adhere. Pushing the setal
surfaces of a gecko’s feet together does not result in strong adhesion. Also
unlike conventional adhesives, gecko setae do not seem to stay dirty.

12.3.1 Properties (5) Self-cleaning and (6) Anti-self-adhesion

Dirt particles are common in nature (Little 1979), yet casual observation sug-
gests that geckos’ feet are quite clean (Fig. 12.1B). Sand, dust, leaf litter,
pollen, and plant waxes would seem likely to contaminate gecko setae. Hair-
like elements on plants accumulate micron-scale particles (Little 1979) that
could come into contact with gecko feet during climbing. Indeed, insects
must cope with particulate contamination that reduces the function of their
adhesive pads (Gorb and Gorb 2002), and spend a significant proportion of
their time grooming (Stork 1983) in order to restore function. On the other
hand, geckos have not been observed to groom their feet (Russell and
Rosenberg 1981), yet apparently retain the adhesive ability of their setae dur-
ing the months between shed cycles. How geckos manage to keep their toes
clean while walking about with sticky feet has remained a puzzle until
recently (Hansen and Autumn 2005). While self-cleaning by water droplets
has been shown to occur in plant (Barthlott and Neinhuis 1997) and animal
(Baum et al. 2002) surfaces, no adhesive had been shown to self-clean.
Gecko setae are the first known self-cleaning adhesive (Hansen and Autumn
2005). Tokay geckos with 2.5 um radius microspheres applied to their feet
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recovered their ability to cling to vertical surfaces after only a few steps on clean
glass. We contaminated toes on one side of the animal with an excess of 2.5 um
radius silica-alumina microspheres and compared the shear stress to that of
uncontaminated toes on the other side of the animal. Prior researchers had sug-
gested that geckos’ unique toe peeling motion (digital hyperextension) might
aid in cleaning of the toe pads (Russell 1979; Bauer et al. 1996), so we immobi-
lized the geckos’ toes and applied them by hand to the surface of a glass force
plate to determine if self-cleaning could occur without toe peeling. After only
four simulated steps on a clean glass surface, the geckos recovered enough of
their setal function to support their body weight by a single toe (Hansen and
Autumn 2005). To test the hypothesis that self-cleaning is an intrinsic property
of gecko setae and does not require a gecko, we isolated arrays of setae and
glued them to plastic strips. We simulated steps using a servomanipulation sys-
tem we called RoboToe. We compared shear stress in clean setal arrays to that
in the same arrays with a monolayer of microspheres applied to their adhesive
surfaces. Self-cleaning of microspheres occurred in arrays of setae isolated
from the gecko. Again as for live gecko toes, isolated setal arrays rapidly recov-
ered the shear force lost due to contamination by microspheres. We hypothe-
sized that the microspheres were being preferentially deposited on the glass
substrate, and did not remain strongly attached to the setae.

Contact mechanical models suggest that it is possible that self-cleaning
occurs by an energetic disequilibrium between the adhesive forces attracting a
dirt particle to the substrate and those attracting the same particle to one or
more spatulae (Fig. 12.3) (Hansen and Autumn 2005). The models suggest that
self-cleaning may in fact require y of spatulae to be relatively low (equal to or
less than that of the wall), perhaps constraining the spatula to be made of a
hydrophobic material. So, geckos may benefit by having setae made of an anti-
adhesive material: decreasing ydecreases adhesion energy of each spatula but
promoting self-cleaning should increase adhesion of the array as a whole by
maximizing the number of uncontaminated spatulae. If y were to be increased
by supplementing van der Waals forces with stronger intermolecular forces
such as polar or H-bonding, it is likely that self-cleaning and anti-self proper-
ties would be lost. Thus the self-cleaning and anti-self properties may repre-
sent a sweet spot in the evolutionary design space for adhesive nanostructures.

12.3.2 Property (7) Nonsticky Default State

The discovery that maximal adhesion in isolated setae requires a small push
perpendicular to the surface, followed by a small parallel drag (Autumn et al.
2000), explained the load dependence and directionality of adhesion
observed at the whole-animal scale by Haase (1900) and Dellit (1934), and
was consistent with the structure of individual setae and spatulae (Ruibal and
Ernst 1965; Hiller 1968). In their resting state, setal stalks are recurved prox-
imally. When the toes of the gecko are planted, the setae may become bent



240 Kellar Autumn

E) = 2R7y ps

5

Particle

N
(—'A‘ﬁ
%
%——
Spatulae

4000

- Seta

Fig. 12.3. Model of self-cleaning in gecko setae from Hansen and Autumn (2005). If we model
spatulae as nanoscale strips of adhesive tape (Kendall 1975) that peel during detachment, the par-
ticle-spatula pulloff force is given by F = 2Ry, where y is the adhesion energy at the dirt
particle-spatula interface, and 2R_is the width of the spatula, and assuming negligible elastic
energy storage. The pulloff force of the dirt particle from a planar wall, using the Johnson, Kendall,
Roberts (JKR) model (Johnson et al. 1973) is Fpw = % TR p Y pw, Where Vo is the adhesion energy of

the particle to the wall. N represents the number of spatulae attached simultaneously to each dirt
particle to achieve energetic equilibrium

out of this resting state, flattening the stalks between the toe and the substrate
such that their tips point distally. This small preload and a micron-scale dis-
placement of the toe or scansor proximally may serve to bring the spatulae
(previously in a variety of orientations) uniformly flush with the substrate,
maximizing their surface area of contact. Adhesion results and the setae are
ready to bear the load of the animal’s body weight.

To test the hypothesis that the default state of gecko setal arrays is to be
nonsticky, Autumn and Hansen (2005) estimated the fraction of area able to
make contact with a surface in setae in their unloaded state. Only less than
6.6% of the area at the tip of a seta is available for initial contact with a
smooth surface, and 93.4% is air space. This suggests that, initially, during a
gecko’s foot placement, the contact fraction of the distal region of the setal
array must be very low. Yet the dynamics of the foot must be sufficient to
increase the contact fraction substantially to achieve the extraordinary values
of adhesion and friction that have been measured in whole animals (Autumn
et al. 2002b; Hansen and Autumn 2005; Irschick et al. 1996) and isolated setae
(Autumn et al. 2000; Autumn et al. 2002b; Hansen and Autumn 2005). Thus
gecko setae may be nonsticky by default because only a very small contact
fraction is possible without mechanically deforming the setal array.
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How much does the contact fraction increase during attachment? While
there are no empirical measurements of the number of spatulae in contact as
a function of adhesion (or friction) force, it is possible to estimate from meas-
urements of single setae. Empirical measurements and theoretical estimates
of spatular adhesion (Autumn et al. 2000, 2002b; Arzt et al. 2003; Huber et al.
2005a; Spolenak et al. 2004; Hansen and Autumn 2005) suggest that each
spatula generates approximately 10-40 nN with approximately 0.02 u? area,
or approximately 500-2000 kPa. A single seta on a Si MEMs cantilever can
generate approximately 917 kPa (Table 12.1). The value of 10 nN adhesion
measured in single spatulae using an AFM (Huber et al. 2005a) implies that
4000 spatulae would need to be attached to equal the peak adhesion force (40
UN) measured in single setae (Autumn et al. 2002b). However, each seta con-
tains not more than approximately 100-1000 spatulae (Ruibal and Ernst
1965; Schleich and Kistle 1986). Therefore a spatular force of 40 nN is more
appropriate for a conservative estimate of setal contact fraction during
attachment. In the case of a spatular adhesion force of 40 nN, the adhesive
stress is 2000 kPa. Therefore a contact fraction of 46% is required to yield the
setal stress. This suggests that unless the force of adhesion of a spatula has
been greatly underestimated, the contact fraction must increase from 6% to
46%, or by approximately 7.5-fold, following preload and drag.

12.4 Modeling Adhesive Nanostructures

12.4.1 Effective Modulus of a Setal Array

The gecko adhesive is a microstructure in the form of an array of millions of
high aspect ratio shafts. The effective elastic modulus, Eef, (Persson 2003; Sitti
and Fearing 2003) is much lower than the Young’s modulus (E) of B-keratin.
Thus arrays of setae should behave as a softer material than bulk B-keratin.
E of beta-keratin in tension is approx. 2.5 GPa in bird feathers (Bonser and
Purslow 1995) and 1.3-1.8 GPa in bird claws (Bonser 2000). Young’s moduli
of lizard beta keratins in general (Fraser and Parry 1996) and gecko beta ker-
atins in particular (Alibardi 2003) remain unknown at present. The behavior
of a setal array during compression and relaxation will depend on the
mode(s) of deformation of individual setae. Bending is a likely mode of defor-
mation (Simmermacher 1884) (Fig. 12.1D), and a simple approach is to
model arrays of setae as cantilever beams (Persson 2003; Sitti and Fearing
2003; Glassmaker et al. 2004; Hui et al. 2004; Spolenak et al. 2005). One might
question the applicability of models based on a simple geometry for the com-
plex, branched structure of the seta. However, as with the JKR and Kendall
models (Sects. 12.2.5.4 and 12.2.5.5) applied to spatulae, the simple cantilever
model is surprisingly well supported by empirical measurements of setal
arrays (Geisler et al. 2005).
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The cantilever model of a single seta (Campolo et al. 2003; Sitti and Fearing
2003) is based on a cantilever beam under a lateral load, F at its tip. The
resulting tip displacement due to bending is A = FL*/3EI, where L is the
length, E is the elastic modulus of the material, and I is the area moment of
inertia of the cantilever (Gere and Timoshenko 1984) (Fig. 12.4A). The lateral
bending stiffness K, is given by

_ 3EI _37R*E

Ky—?— Al (12.1)

for a cylindrical cantilever of radius R, I = mR*/4. For a cantilever at an
angle ¢ to the substrate and under a normal load, F , the resolved force lat-
eral to the cantilever is F =F, cos¢ (Fig. 12.4B). This results in a lateral tip
displacement of A=F cos(¢)L*/3EIl, and a normal tip displacement of
A, = Acos¢=F, cos*(¢)L*/3EL

Next, to derive an effective elastic modulus (E, ) for a model setal array, in
the cantilever system above, we use Hooke’s law, o =Eeﬁr &, where oand g are
the applied stress and resulting strain in the normal axis, respectively. The
normal strain is € =A /L, (Fig. 12.4B), where L =Lsin¢.

Now, for an array of cantilevers with density D (m™) in parallel at an angle
¢ and under a normal stress o, the normal force acting on each cantilever tip
is F =o/D. The resulting normal displacement of the array is A =
ocos*(¢)L*/3EID. Thus, € =ocos?(¢)L*/3EIDsing, and the stress over the can-
tilever array is 0= E,. ocos® (¢)L* / 3EIDsin ¢. Dividing by ¢ and solving for
E swereacha generalﬁequation for the effective stiffness of a cantilever array:

E;= 3EIDsing / cos*(¢) L? (12.2)

Fig. 12.4. Free body diagram of: (a) cantilever beam; (b) angled cantilever beam based on the
model of Sitti and Fearing (2003). This model is similar to that of Persson (2003) who used a
spring-based approach
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For a cylindrical cantilever, we can substitute EI in Eq. (12.2) for KyL3 / 3 using
Eq. (12.1), yielding

K, LDsin¢

Eeff: W (123)

For a tokay seta-size cylindrical cantilever of R =2.1 um, L =110 um, E =1
GPa, the bending stiffness from Eq. (12.1) is Ky =0.0344 N/m. For E=2 GPa,
Ky=0.0689 N/m.

I will now calculate the shaft angle ¢ (see Fig. 12.4B) required to yield an
effective stiffness of 100 kPa (the upper limit of Dahlquist’s criterion see Sect.
12.6) (Dahlquist 1969; Pocius 2002). A typical tokay setal array has approx
14,000 setae per mm? and D =1.44 x 10'® m. Using Eq. (12.3), a value of ¢ =50°
is required for E =1 GPa, and ¢ =36.65° for E =2 GPa to yield E_.=100 kPa.

We measured the forces resulting from deformation of isoﬁlted arrays of
tokay gecko (Gekko gecko) setae to determine E, and test the validity of the
cantilever model. We found that E_ of tokay gecko setae falls near 100 kPa,
close to the upper limit of Dahlquist’s criterion for tack (Fig. 12.5) (Geisler
et al. 2005). Additionally, we observed values of ¢ for tokay gecko setae near
43°, further supporting the validity of the cantilever model (Fig. 12.4; Geisler
et al. 2005).
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Fig. 12.5. Young’s modulus (e) of materials including approximate values of bulk -keratin and
effective modulus (E, ) of natural setal arrays (Geisler et al. 2005). A value of E =100 kPa (meas-
ured at 1 Hz) is the upper limit of the Dahlquist criterion for tack, which is based on empirical
observations of pressure sensitive adhesives (PSAs; Dahlquist 1969; Pocius 2002). A cantilever
beam model (Eq. 5.3; Sitti and Fearing 2003) predicts a value of E,. near 100 kPa, as observed
for natural setae and PSAs. It is notable that geckos have evolved E . close to the limit of tack.
This value of E,, may be tuned to allow strong and rapid adhesion, yet prevent spontaneous or
inappropriate attachment
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12.4.2 Rough Surface and Antimatting Conditions

The cantilever model predicts that a high density of setae should be selected for
in increasing adhesive force of setal arrays. First, it follows from the JKR model
(Autumn et al. 2002b; Arzt et al. 2003) that packing in more spatulae should
increase adhesion in an array of setae. Second, the cantilever model suggests
that thinner setal shafts should decrease E., and promote a greater contact
fraction on rough surfaces (Stork 1983; Scherge and Gorb 2001; Jagota and
Bennison 2002; Campolo et al. 2003; Persson 2003; Persson and Gorb 2003; Sitti
and Fearing 2003; Spolenak et al. 2005). The cantilever model also suggests that
longer and softer setal shafts, and a lower shaft angle ¢ will result in better
adhesion on rough surfaces because these parameters will reduce E . On a
randomly rough surface, some setal shafts should be bent in compression (con-
cave), while others will be bent in tension (convex). The total force required to
pull off a setal array from a rough surface should therefore be determined by
the cumulative adhesive force of all the attached spatulae, minus the sum of the
forces due to elastic deformation of compressed setal shafts.

If setae mat together (Stork 1983), it is likely that adhesive function will be
compromised. Interestingly, the same parameters that promote strong adhe-
sion on rough surfaces should also cause matting of adjacent setae (Persson
2003; Sitti and Fearing 2003; Glassmaker et al. 2004; Hui et al. 2004; Spolenak
et al. 2005). The distance between setae and the stiffness of the shafts will
determine the amount of force required to bring the tips together for matting
to occur. It follows from the cantilever model that stiffer, shorter, and thicker
stalks will allow a greater packing density without matting. As is the case for
self-cleaning (Hansen and Autumn 2005), setae should be made of materials
with lower surface energy to prevent self-adhesion and matting. Satisfying
both antimatting and rough surface conditions may require a compromise of
design parameters. Spolenak et al. (2005) devised “design maps” for setal
adhesive structures, an elegant approach to visualizing the parametric trade-
offs needed to satisfy the rough surface and antimatting conditions while at
the same time maintaining structural integrity of the material.

12.5 Scaling

Small and large organisms are dominated by different forces (McMahon and
Bonner 1983). Inertial forces usually dwarf adhesive forces in organisms
gecko-size and above. Geckos are unusual among macroscale organisms in
having adhesive forces dominate their world. The astonishing adaptive radi-
ation in geckos and their unique ecologies can be seen as an emergent prop-
erty of integration across seven orders of magnitude in size (Pianka and
Sweet 2005)-from the nanoscale spatula and the microscale seta to the
mesoscale scansors and the macroscale body (Fig. 12.1).
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While it is tempting to focus on the smallest level in the gecko adhesive
system, integration of multiple levels in the compliance hierarchy is needed
to achieve reliable and controllable adhesion and friction. Self-cleaning adhe-
sive nanostructures cannot adhere if they never get near the surface.
Compliant scansors and the compliant adipose or vascular tissue underlying
the scansors may be important in spreading the load during foot placement
(Russell 1986, 2002). The complex morphology and musculature of the toes,
feet, and limbs play a critical role in bringing the compliant scansors to bear
upon the substrate in the appropriate manner, and in detaching them with-
out large forces (Russell 1975). Simulation studies of animal-like climbers
suggest that tuning limb compliance correctly is much more important for
climbing than for running. In particular, the ratios of linear and torsional
compliances at the foot and ankle have an enormous effect on climbing sta-
bility and efficacy (Autumn et al. 2005a).

12.5.1 Scaling of Pad Area and Spatular Size

Shear force of the two front feet of pad-bearing lizards (geckos, anoles and
skinks) is highly correlated with pad area, even when the effects of body size
and phylogeny are accounted for (Irschick et al. 1996). However, there is sig-
nificant variation in shear force among taxa of similar size and pad area, sug-
gesting that other factors are important in determining the strength of the
setal adhesive. The JKR model (Autumn et al. 2002b; Arzt et al. 2003) predicts
that larger spatulae should result in lower forces, and this is supported by an
inverse correlation between body mass and the size of the spatula or setal tip
in lizards and arthropods (Arzt et al. 2003). It seems clear that geckos have
superior adhesion and friction in comparison to other seta-bearing species,
and one likely reason is small spatular size.

12.5.2 Scaling of Stress

Amontons’ first law states that the relationship of shear force (friction) to
load is a constant value, [ (the coefficient of friction). Amontons’ second law
predicts that . is independent of the area of contact (Bhushan 2002; Ringlein
and Robbins 2004). When pulled in shear (Autumn et al. 2000, 2002b), gecko
setae seem to violate Amonton’s laws, as do tacky polymers where the forces
of adhesion can be much greater than the external load. Shear stress in setae
increases greatly with a decrease in contact area A, suggesting that at larger
scales, fewer spatulae are attached and/or the contact fraction within spatu-
lae is reduced (Fig. 12.6; Table 12.1). The scaling of shear stress, 7, is expo-
nential and scales as log 1=1.14-0.24 log A (R?*=0.99). It is unknown whether
stress is uniformly spread across the toe or foot (Russell 2002), or if there are
high stress concentrations on the setal arrays of a few scansors. The force of
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Fig.12.6. Stress vs area in the gecko adhesive hierarchy. See Table 12.1 for numerical values and
literature sources. JKR and Kendall model predictions for spatular adhesive stress (triangles)
bound the measured value of Huber et al. (2005a). Text below the X-axis shows the level in the
gecko adhesive hierarchy (Fig. 12.1)

only 2% of setae, and only 25% of setal arrays, are required to yield the max-
imum shear stresses measured at the whole-animal level. However, at the
setal level, it appears that most spatulae must be strongly attached to account
for theoretical and empirical values of adhesion, suggesting that the seta is
highly effective at making contact with a smooth surface. If each spatula can
generate 10-40 nN, it would take 1000-4000 spatulae to yield the 40 uUN of
adhesion measured in single setae. However, each seta bears only 100-1000
spatulae. Clearly further work is needed to resolve this discrepancy. The rela-
tionship between adhesion and friction also demands further investigation.
Existing data suggest that friction at the seta level is about two to four times
the adhesion.

12.6 Comparison of Conventional and Gecko Adhesives

Conventional adhesives are materials that are used to join two surfaces.
Typically, adhesives are liquids that are chemically compatible with both sur-
faces and have sufficiently low viscosity that wetting of the surfaces occurs
either spontaneously or with a small amount of pressure (Baier et al. 1968;
Kinloch 1987; Pocius 2002). Surface treatments are often needed to raise the
interfacial energies between one or both surfaces and the adhesive. Liquid
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hard-set adhesives (e.g. epoxy or cyanoacrylate glues) flow easily during appli-
cation, but cure to make a strong, permanent bond. Because they are stiff when
cured, hard-set adhesives can resist plastic creep caused by sustained loading.
However, hard-set adhesives are single-use: their bonds must be broken or dis-
solved for removal and once broken, hard-set adhesives do not rebond.

Conventional pressure sensitive adhesives (PSAs) are fabricated from soft,
tacky, viscoelastic materials (Gay and Leibler 1999; Gay 2002; Pocius 2002).
Tacky materials are those that exhibit spontaneous plastic deformation that
increases true area of contact with the surface at the molecular scale.
Theoretical considerations (Creton and Leibler 1996) agree with Dahlquist’s
(Dahlquist 1969; Pocius 2002) empirical observation that a Young’s modulus
(E) below 100 kPa (at 1 Hz) is needed to achieve a high contact fraction with
the substrate. Additives known as tackifiers are commonly used to promote
plastic deformation in PSAs during contact (Pocius 2002). PSAs such as
masking tape or sticky notes are capable of repeated attachment and detach-
ment cycles without residue because the dominant mechanism of adhesion is
weak intermolecular forces. PSAs adhering with weak intermolecular forces
can require much more energy to pull off of surfaces than do rigid adhesives
relying on strong chemical bonds. As soft polymeric adhesives are pulled
apart from a surface, polymer chains or bundles of polymer chains can be
elongated into pillars in a process known as crazing. The total fracture energy
can greatly exceed the sum of all the bond energies at the interface since work
must be done on the craze as well as to break adhesive bonds at the interface.
Thus the strong adhesion in polymeric adhesives results from long bonds
rather than from strong bonds (Persson 2003). However, because they are
soft polymeric materials, PSAs are prone to creep, degradation, self-adhe-
sion, and fouling.

In contrast to the soft polymers of PSAs, the adhesive on the toes of geckos
is made of hard protein (B-keratin) with E four to five orders of magnitude
greater than the upper limit of Dahlquist’s criterion. Therefore, one would
not expect a 3-keratin structure to function as a PSA by readily deforming to
make intimate molecular contact with a variety of surface profiles. However,
since the gecko adhesive is a microstructure in the form of an array of mil-
lions of high aspect ratio shafts (setae) the effective elastic modulus, E,,
(Jagota and Bennison 2002; Persson 2003; Sitti and Fearing 2003; Glassmaker
et al. 2004; Hui et al. 2004; Spolenak et al. 2005) is much lower than E of bulk
B-keratin. The effective modulus of gecko setal arrays is close to 100 kPa
(Geisler et al. 2005). Gecko setal arrays possess some of the properties of PSAs
although the bulk material properties of B-keratin place it in the class of stiff,
nonviscous materials (Fig. 12.5) (Dahlquist 1969; Creton and Leibler 1996;
Gay and Leibler 1999; Gay 2002; Jagota and Bennison 2002; Pocius 2002;
Persson 2003; Persson and Gorb 2003; Sitti and Fearing 2003).

There is emerging evidence that an array of gecko setae can act like a tacky,
deformable material, while individual setae and spatulae retain the structural
integrity of stiff protein fibers. This may enable the gecko adhesive to tolerate
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heavy, repeated use without creep or degradation. Indeed, theoretical con-
siderations suggest that the fibrillar structure of the gecko adhesive can be
thought of as a permanent craze (Jagota and Bennison 2002; Persson 2003)
that can raise the fracture energy relative to a solid layer of adhesive material.
As with polymer crazes, setal structures under stress could store energy elas-
tically in each seta of the array, and then as setae are pulled off, elastic energy
could be dissipated internally without contributing to propagation of the
crack between the adhesive and substrate (Hui et al. 2004; Jagota and
Bennison 2002; Persson 2003). Unlike polymer crazes, setal structures may
dissipate energy primarily elastically rather than plastically.

Gecko setae do not bond spontaneously on contact, as do PSAs. Gecko
setae have a nonsticky default state (Autumn and Hansen 2005b), and require
mechanical deformation to initiate adhesion and friction (Autumn et al. 2000;
Autumn and Peattie 2002). Again in contrast to PSAs, gecko setae are
anisotropic and possess a built-in release mechanism. Setae are sticky when
forces are directed with the curvature of the shaft, and release when forces are
directed away from the curvature of the shaft (Autumn et al. 2000; Autumn
and Peattie 2002; Gao et al. 2005).

12.7 Gecko-inspired Synthetic Adhesive Nanostructures

Using a nanostructure to create an adhesive is a novel and bizarre concept. It
is possible that, if it had not evolved, humans would never have invented it.
With the inspiration of biology, the first generation of adhesive nanostruc-
tures is being developed (Fig. 12.1F). The growing list of benchmark proper-
ties—seven of which are presented in this chapter-can be used to evaluate the
degree of geckolike function of synthetic prototypes. By these criteria, syn-
thetic setae (Autumn et al. 2002b; Geim et al. 2003; Sitti and Fearing 2003;
Peressadko and Gorb 2004; Northen and Turner 2005) are at a very early
stage, and none has significantly geckolike properties. For example, consider
the adhesion coefficient, u’zFa dhesion! Fpreloa » asametric for geckolike adhesive
function. By this criterion, the material of Geim et al. (2003) is not geckolike
since it required a very large preload of 50 N to yield 3 N and 0.3 atm of adhe-
sion, yielding a value of 1'=0.06. The synthetic setae of Northen and Turner
(2005) perform significantly better with a u'=0.125, but still well below the
benchmark of real gecko setae where u'=8-16. Effective design of geckolike
adhesives will require deep understanding of the principles (Table 12.2)
underlying the properties observed in the natural system. For example, syn-
thetic setae that can attach without substantial preloads will likely require
angled rather than vertical shafts (Sitti and Fearing 2003) to promote a bend-
ing rather than buckling mode of deformation.

Applications abound for a dry self-cleaning adhesive that does not rely on
soft polymers or chemical bonds. Biomedical applications such as endoscopy



Properties, Principles, and Parameters of the Gecko Adhesive System 249

Table 12.2. Properties, principles, and parameters of the gecko adhesive system. This table lists
known properties of the gecko adhesive, proposed principles (or models) that explain the prop-
erties, and model parameters for each property. JKR refers to the Johnson, Kendall, Roberts

model of adhesion (Johnson et al. 1973)

Properties

Principles

Parameters

1. Anisotropic attachment
(Autumn et al. 2000)

2. High ' (pulloff/preload)
(Autumn et al. 2000)

3. Low detachment
force (Autumn et al. 2000)

Cantilever beam (Autumn
et al. 20005 Sitti and Fearing
2003; Spolenak et al. 2004)

Low effective stiffness
(Sitti and Fearing 2003;
Persson 2003)

Shaft length, radius, den
sity (Sitti and Fearing 2003)
Shaft angle (Sitti and
Fearing 2003)

Shaft modulus (Sitti and
Fearing 2003)

Spatular shape (Persson and
Gorb 2003; Spolenak

et al. 2004)

4. Material independence
(Autumn et al. 2002a, b;
Hiller 1968, 1969)

van der Waals (vdW)
mechanism (Autumn
et al. 2002a, b)

JKR-like contact mechanics
(Autumn et al. 2002a, b;
Arzt et al. 2002, 2003)

Nanoarray (divided
contact) (Autumn et al.

Spatular size (Arzt
et al. 2003)

Spatular Shape (Gao and
Yao 2004; Spolenak
et al. 2004)

Spatular density (Arzt
et al. 2003; Peattie

2002a, b; Gao and Yao 2004) et al. 2004)
5. Self-cleaning (Hansen Nanoarray (divided Spatular bulk modulus
and Autumn 2005) contact)
6. Anti-self Small contact area Particle size, shape,

7. Nonsticky default state
(Autumn and Hansen 2005)

Nontacky spatulae
Hydrophobic, vdW
spatulae

surface energy

Spatular size, shape,
surface energy

and tissue adhesives (Pain 2000; Menciassi and Dario 2003) are one example.
However, any materials chosen for synthetic setae in biomedical applications
would need to be nontoxic and nonirritating (Baier et al. 1968). Other appli-
cations include MEMS switching (Decuzzi and Srolovitz 2004), wafer align-
ment (Slocum and Weber 2003), micromanipulation (Pain 2000), and
robotics (Autumn et al. 2005a). Since a nanostructure could be applied
directly to a surface, it is conceivable that geckolike structures could replace
screws, glues, and interlocking tabs in many assembly applications such as
automobile dashboards or mobile phones.

Sports applications such as fumble-free football gloves or rock climbing
aids (Irving 1955) could be revolutionary. Using gecko technology to climb is
not a new idea. In a seventeenth century Indian legend, Shivaji and his Hindu
warriors used adhesive lizards from the Deccan region as grappling devices
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to scale a shear rock cliff and mount a surprise attack on a Maharashtrian
clifftop stronghold (Ghandi 2002).

12.8 Future Directions in the Study of the Gecko Adhesive
System

Adhesion in geckos remains a sticky problem that is generating at least as
many new questions as answers. Much of the fertility of this area stems from
an integration of biology, physics, and engineering. For example, the rela-
tionship between friction and adhesion is one of the most fundamental issues
in surface science (Ringlein and Robbins 2004; Luan and Robbins 2005). One
of the most striking properties (Table 12.2) of the gecko adhesive system is
the coupling between adhesion and friction. Without a shear load, setae
detach easily. Indeed, without shear loading of opposing toes or legs, a gecko
could not hang from the ceiling. Integration of the macroscale system with
the as yet undefined relationship between friction and adhesion at the
nanoscale could yield important design principles for natural and synthetic
setal structures.

Natural surfaces are rarely smooth, and an important next step will be to
measure empirically the effect of surface roughness (Vanhooydonck et al.
2005) on friction and adhesion in gecko setae to test the predictions of the
new generation of theoretical models for rough surface contacts with micro
and nanostructures (Persson and Gorb 2003). Under real-world conditions
where surfaces are fractal (Greenwood 1992; Persson and Gorb 2003), com-
pliance is required at each level of the gecko adhesive hierarchy: spatula, seta,
lamella, toe, and leg. Models including a spatular array at the tip of a seta have
not yet been developed. Similarly, models of lamellar structure will be needed
to explain function on roughness above the micron scale.

Biological diversity of setal and spatular structure is high and poorly doc-
umented. Basic morphological description will be required. Theory predicts
that tip shape affects pulloff force less at smaller sizes (Gao and Yao 2004), so
it is possible that part of spatular variation is due to phylogenetic effects, but
material constraints such as tensile strength of keratin must be considered as
well (Autumn et al. 2002b; Spolenak et al. 2005). The collective behavior of the
setal array will be a productive research topic (Gao and Yao 2004). Diversity
of the array parameters, density, dimension, and shape is great but not well
documented. In particular, the shape of setal arrays on lamellae demands fur-
ther investigation. Phylogenetic analysis (Harvey and Pagel 1991) of the vari-
ation in setal structure and function will be required to tease apart the
combined effects of evolutionary history, material constraints, and adapta-
tion (Autumn et al. 2002a).

The molecular structure of setae is not yet known. Setae are made prima-
rily of B-keratin, but a histidine-rich protein or proteins may be present as
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well (Alibardi 2003). One possible role of non-keratin proteins is as a glue
that holds the keratin fibrils together in the seta (Fig. 12.1D) (Alibardi 2003).
This suggests a possible role of genes coding for histidine-rich protein(s) in
tuning the material properties of the setal shaft. The outer molecular groups
responsible for adhesion at the spatular surface will also be an important
topic for future research.

Clearly there is a great desire to engineer a material that functions like a
gecko adhesive, yet progress has been limited. A biomimetic approach of
attempting to copy gecko setae blindly is unlikely to succeed due to the com-
plexity of the system (Fig. 12.1) and the fact that evolution generally produces
satisfactory rather than optimal structures. Instead, development of biologi-
cally inspired adhesive nanostructures will require careful identification and
choice of design principles (Table 12.2) to yield selected geckolike functional
properties. As technology and the science of gecko adhesion advance, it may
become possible to tune design parameters to modify functional properties
in ways that have not evolved in nature.

It is remarkable that the study of a lizard is contributing to understanding
the fundamental processes underlying adhesion and friction (Fakley 2001;
Urbakh et al. 2004), and providing biological inspiration for the design of
novel adhesives and climbing robots. Indeed, the broad relevance and appli-
cations of the study of gecko adhesion underscore the importance of basic,
curiosity-based research.
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