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The attachment pads of geckos exhibit the most versatile and effective adhesive known in nature. Their fibrillar
structure is the primary source of high adhesion and their hierarchical structure produces the adhesion
enhancement by giving the gecko the adaptability to create a large real area of contact with surfaces. Although
geckos are capable of producing large adhesive forces, they retain the ability to remove their feet from an
attachment surface at will. Detachment is achieved by a peeling motion of the gecko’s feet from a surface. During
the last few years, many researches have been conducted to develop the theoretical models that explain the gecko
to adhere and detach from surfaces at will, including micro/macroscopic gecko adhesion, friction and peeling
models for gecko hierarchical fibrillar structure contacting to rough surface. This review describes the progress in
the modeling filed for gecko adhesion, friction and peeling, and discussed the future issues for gecko modeling.

1. Introduction

Since the discovery of the ability of the gecko to “run up and
down a tree in any way, even with the head downwards” by
Aristotle,' the attachment pads of geckos have been widely studied.
Gecko adhesive pads consist of arrays of micro and nano-scale
fibers, often angled and with branching hierarchical structures. The
tips of these fibers have a spatula shape to increase the contact area
with the adhering surface. These fibers bend and conform to the
surface roughness of climbing surfaces, creating large contact areas
from millions or billions of contact points. Their hierarchical
attachment system consists of ridges called lamellae that are
covered in microscale setae that branch off into nanoscale spatulae.
Each structure plays an important role in adapting to surface
roughness bringing the spatulae in close proximity with the mating
surface. It has been shown that van der Waals force,>* possibly in
combination with capillary forces** are responsible for the resulting
adhesion. Although capable of generating high adhesion forces, a
gecko is able to detach from a surface at will - an ability known as
smart adhesion. Detachment is achieved by a peeling motion of the
gecko’s feet from a surface. During walking a gecko is able to peel
its foot from surfaces by changing the angle at which its setae
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contact a surface. Using these adhesive pads, geckos can efficiently
climb on both smooth and rough surfaces with repeatable,
controllable adhesion without degradation. It is essential that the
adhesive pad provide both friction and adhesion simultaneously to
facilitate climbing.

Although there are over 1000 species of geckos™’ that have
attachment pads of varying morphology,® the Tokay gecko (Gekko
gecko) has been the main focus of scientific research.”'® The Tokay
gecko is the second largest gecko species, attaining respective
lengths of approximately 0.3-0.4 m and 0.2-0.3 m for males and
females. They have a distinctive blue or gray body with orange or
red spots and can weigh up to 300 g."" These geckos have been the
most widely investigated species of gecko due to the availability
and size of these creatures.

Even though the adhesive ability of geckos has been known
since the time of Aristotle, little was understood about this
phenomenon until the late nineteenth century when microscopic
hairs covering the toes of the gecko were first noted. The
development of electron microscopy in the 1950°s enabled scientists
to view a complex hierarchical morphology that covers the skin on
the gecko’s toes. Over the past century and a half] scientific studies
have been conducted to determine the factors that allow the gecko
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to adhere and detach from surfaces at will, including surface
structure:$1%1217 of adhesion:>*$%1825  and
adhesive strength >*%1%17-26

In this review, the progress in the modeling filed for gecko

the mechanisms

adhesion, friction and peeling is described. In section 2, the
extraordinary hierarchical structure of gecko feet and the known
properties of gecko adhesive such as the compatibility to rough
surface are presented briefly. Next, we described the adhesion

models in the section 3: adhesion force models for single spatula

2,17.27

which are van der Waals force and capillary force,*** fibrillar

3,17,29-37

structure models contacting a rough surface, multilevel

. . . 29,30,
hierarchical adhesion structure models,?*>%3*

and adhesion map for
optimization of biomimetic attachment system.>**! For the friction,
the fibrillar structure friction model based on Coulomb’ law* and

14345

the adhesional friction mode are described, and for the peeling,

the tape peeling models such as Kendall peel model**#6#8

and peel
zone model® are described in the section 4. Finally, we discussed

the issues pending for the future in the section 5.

2. Gecko Feet

2.1 Structure of Tokay Gecko Feet
The explanation for the adhesive properties of gecko feet can be
found in the surface morphology of the skin on the toes of the
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Fig. 2 Schematic drawings of a Tokay gecko including the overall
body, one foot, a cross-sectional view of the lamellaec and an
individual seta. p represents number of spatulae®

gecko. The skin is comprised of a complex hierarchical structure of
lamellae, setae, branches, and spatulae.8 As shown in Figs. 1 and 2
and summarized in Table 1, the gecko consists of an intricate
hierarchy of structures beginning with lamellae, soft ridges that are
1-2 mm in length® that are located on the attachment pads (toes) that
compress easily so that contact can be made with rough bumpy
surfaces. Tiny curved hairs known as setae extend from the lamellae
with a density of approximately 14000 per square millimeter."
These setae are typically 30-130 um in length and 5-10 pum in

8.9,12,14 1349 itk some

diameter and composed primarily of B-keratin
a-keratin component.’® At the end of each seta, 100 to 1000
spatulae®® with a diameter of 0.1-0.2 um® branch out and form the
points of contact with the surface. The tips of the spatulae are
approximately 0.2-0.3 um in width,® 0.5 um in length and 0.01 um
in thickness'’ and get their name from their resemblance to a

spatula.

Table 1 Surface characteristics of Tokay gecko feet (Young’s
modulus of surface material, keratin = 1-20 GPa)13 36

Component Size Density Fu
8.4 / =_189.14 ~ 15,16
Seta 30-130 . /5-10 14000 s | 104 N2
length/diameter (um) setae/mm
20-30°/1-2°
Branch length/diameter (um) ) )
2-5%/0.1-0.2%Y 100-1000*’

Spatula . -
length/diameter (um) spatulae/seta

Tipof |~0.5%"/0.2-0.3%"/~0.01" ] 11 NS

spatula | length/width/thickness (um)

The attachment pads on two feet of the Tokay gecko have an
area of about 220 mm®. About three million setae on their toes can
produce a clinging ability of about 20 N (vertical force required to
pull a lizard down a nearly vertical (85°) surface)'® and allow them
to climb vertical surfaces at speeds of over 1 m/s with capability to
attach or detach their toes in milliseconds. In isolated setae a 2.5 uN
preload yielded adhesion of 20 to 40 puN and thus the adhesion
coefficient, which represents the strength of adhesion as a function
of preload ranges from 8 to 16.>

2.2 Compatibility to rough surface

Typical rough, rigid surfaces are only able to make intimate
contact with a mating surface equal to a very small portion of the
perceived apparent area of contact. In fact, the real area of contact is
typically two to six orders of magnitude less than the apparent area
of contact.’? Autumn et al.®> proposed that divided contacts serve
as a means for increasing adhesion. A surface energy approach can
be used to calculate adhesive force in the dry environment in order
to calculate the effect of division on contacts. If the tip of a spatula
is considered as a hemisphere with radius R, adhesion force of a
single contact F,,; based on the so called JKR (Johnson-Kendall-
Roberts) theory,* is given as

a

3
Fy :EﬁWadRz (1)

where W, is the work of adhesion (in units of energy per unit area).
Eq. (1) shows that adhesive force of a single contact is proportional
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to a linear dimension of the contact. For a constant area divided into
a large number of contacts or setae, n, the radius of a divided
contact R, is given by R, =R[/\/; (self-similar scaling)."”
Therefore, the adhesive force of Eq. (1) can be modified for
multiple contacts such that

Fy= ;”Wad(\l/e/;jn = \/;Fad )
where F’,; is the total adhesive force from the divided contacts.
Thus the total adhesion force is simply the adhesion force of a
single contact multiplied by the square root of the number of
contacts. For a contact in the humid environment, the meniscus (or
capillary) forces further increase the adhesion force.’*** The
attractive meniscus force, F,, consists of a contribution by both
Laplace pressure and surface tension.”*> Contribution by Laplace
pressure is directly proportional to the meniscus area. The other
contribution is from the vertical component of surface tension
around the circumference. This force is proportional to the
circumference as is the case for the work of adhesion.”’ Going
through the analysis presented earlier, one can show that the
contribution from the vertical component of surface tension
increases with splitting into a larger number of contacts. It increases

linearly with the square root of the number of contacts, 7.2

(F;,,,) surface tension — \/;(Fm) surface tension (3)

where F is the force from the divided contacts and F,, is the force

of an individual contact. The models just presented only consider
contact with a flat surface. On natural rough surfaces the
compliance and adaptability of setae are the primary sources of high
adhesion. Intuitively, the hierarchical structure of gecko setae
allows for greater contact with a natural rough surface than non-
branched attachment system.

Material properties also play an important role in adhesion. A
soft material is able to achieve greater contact with a mating surface
than a rigid material. Although gecko skin is comprised of -keratin,
a stiff material with a Young’s modulus in the range of 1-20
GPa,"** the effective modulus of the setal arrays on gecko feet is
about 100 kPa,”” which is approximately four orders of magnitude
lower than the bulk material. The B-keratin material is relatively
stiff to realize large contact area needed for high adhesion contact.
Nature has selected a relatively stiff material to avoid clinging of
adjacent setae. Division of contacts, as discussed earlier, provides
high adhesion. By combining optimal surface structure and material
properties, mother nature has created an evolutionary superadhesive.

3. Gecko Adhesion Models

When asperities of two solid surfaces are brought into contact
with each other, chemical and/or physical attractions occur. The
force developed that holds the two surfaces together is known as
adhesion. In a broad sense, adhesion is considered to be either
physical or chemical in nature.?’*'">**3%6! Chemical interactions
such as electrostatic attraction charges® as well as intermolecular

forces’ including van der Waals and capillary forces have all been
proposed as potential adhesion mechanisms in gecko feet. Others
have hypothesized that geckos adhere to surfaces through the

1819 guction,'® increased frictional force,’!

secretion of sticky fluids,
and microinterlocking.” Through experimental testing and
observations conducted over the last century and a half many
potential adhesive mechanisms have been eliminated. Observation
has shown that geckos lack glands capable of producing sticky
fluids,"®'” thus ruling out the secretion of sticky fluids as a potential
adhesive mechanism. Furthermore, geckos are able to create large
adhesive forces normal to a surface. Since friction only acts parallel
to a surface, the attachment mechanism of increased frictional force
has been ruled out. Dellit?? experimentally ruled out suction and
electrostatic  attraction as potential adhesive mechanisms.
Experiments carried out in vacuum did not show a difference
between the adhesive forces at low pressures compared to ambient
conditions. Since adhesive forces generated during suction are
based on pressure differentials, which are insignificant under
vacuum, suction was rejected as an adhesive mechanism.?
Additional testing utilized X-ray bombardment to create ionized air
in which electrostatic attraction charges would be eliminated. It was
determined that geckos were still able to adhere to surfaces in these
conditions and therefore, electrostatic charges could not be the sole
cause of attraction.”? Autumn et al.> demonstrated the ability of a
gecko generate large adhesive forces when in contact with a
molecularly smooth SiO, MEMS semiconductor. Since surface
roughness is necessary for microinterlocking to occur, it has been
ruled out as a mechanism of adhesion. Two mechanisms, van der
Waals forces and capillary forces, remain as the potential sources of
gecko adhesion.

Many adhesion models based on van der Waals force and
capillary force, have been proposed to explain the gecko adhesion:
adhesion force models for single spatula which are van der Waals

2,17,27 4,28

force and capillary force, fibrillar structure models

3,17,29-37

contacting a rough surface, multilevel hierarchical adhesion

structure models? "%

and adhesion map for optimization of
biomimetic attachment system.*>*' These adhesion models are

described in detail in the following sections.

3.1 Van der Waals Adhesion

Van der Waals bonds are secondary bonds that are weak in
comparison to other physical bonds such as covalent, hydrogen,
ionic, and metallic bonds. Unlike other physical bonds, van der
Waals forces are always present regardless of separation and are
effective from very large separations (~50 nm) down to atomic

separation (~0.3 nm). The van der Waals force per unit area
between two parallel surfaces, f,,,, is given by>"**%

A

fwm' - ﬁ >

(C))
where 4 is the Hamaker constant and D is the separation between
surfaces. Hiller’ showed experimentally that the surface energy of a
substrate is responsible for gecko adhesion. One potential adhesive
mechanism would then be van der Waals forces.>** Assuming van
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der Waals forces to be the dominant adhesive mechanism utilized
by geckos, the adhesive force of a gecko can be calculated. Typical
values of the Hamaker constant range from 4x107%° to 4x107'° J.*/
In calculation, the Hamaker constant is assumed to be 107 J, the
surface area of a spatula is taken to be 2x107"* m* 3! and the
separation between the spatula and contact surface is estimated to
be 0.6 nm. This equation yields the force of a single spatula to be
about 0.5 uN. By applying the surface characteristics of Table 1, the
maximum adhesive force of a gecko is 150-1500 N for varying
spatula density of 100-1000 spatulae per seta. If an average value of
550 spatulae/seta is used, the adhesive force of a single seta is
approximately 270 uN which is in agreement with the experimental
value obtained by Autumn et al..”

Another approach to calculate adhesive force is to assume that
spatulae are cylinders that terminate in hemispherical tips. By using
Eq. (1) and assuming that the radius of each spatula is about 100 nm
and that the surface energy is expected to be 50 mJ/m?'” the
adhesive force of a single spatula is predicted to be 0.02 uN. This
result is an order of magnitude lower than the first approach
calculated for the higher value of A. For a lower value of 10%° J for
the Hamaker constant, the adhesive force of a single spatula is
comparable to that obtained using the surface energy approach.

3.2 Capillary Adhesion Model

It has been hypothesized that capillary forces that arise from
liquid mediated contact could be a contributing or even the
dominant adhesive mechanism utilized by gecko spatulae.”*
Experimental adhesion measurements conducted on surfaces with
different hydrophobicities and at various humidities* supports this
hypothesis as a contributing mechanism. During contact, any liquid
that wets or has a small contact angle on surfaces will condense
from vapor in the form of an annular-shaped capillary condensate.
Due to the natural humidity present in the air, water vapor will
condense to liquid on the surface of bulk materials. During contact
this will cause the formation of adhesive bridges (menisci) due to
the proximity of the two surfaces and the affinity of the surfaces for
condensing liquid.**%

Kim and Bhushan®® investigated the effects of capillarity on
gecko adhesion by considering capillary force as well as the solid-
to-solid interaction. The Laplace and surface tension components of
the capillary force are treated as follows. Capillary force can be
divided into two components: the Laplace force F; and the surface

,

! Liquid film

=
P

i Substrate

Fig. 3 Schematic of a sphere on a plane at distance D with a liquid

film in between, forming menisci?®

tension force F such that the total capillary force F, is given by the
sum of the components

F.=F +Fg, ®)

The Laplace force is caused by the pressure difference across
the interface of a curved liquid surface (Fig. 3) and depends on
pressure difference multiplied by the meniscus area, which can be
expressed as™

F, =—zxyR}sin’ P 6)

where y is the surface tension, R, is the tip radius, @ ris the filling
angle and x is the mean curvature of meniscus. From the Kelvin
equation”” which is the thermal equilibrium relation, the mean
curvature of meniscus can be determined as:

0

where K is the universal gas constant, 7 is the absolute temperature,
V is the molecular volume, p, is the saturated vapor pressure of the
liquid at 7, and p is the ambient pressure acting outside the curved
surface(p / p, is the relative humidity).

Orr et al.” formulated the mean curvature of meniscus between
sphere and plane in terms of elliptical integrals. The filling angle ¢ ,
can be calculated from the expression just mentioned and Eq. (7)
using iteration method. Then the Laplace force is calculated for a
given environment using Eq. (6). The surface tension of the liquid
results in the formation of a curved liquid—air interface. The surface
tension force acting on the sphere is

F, =2aRysing, sin(0, +¢,). (8)

The surface tension force depends on radius. Therefore, division
would result in an increase of the surface tension force by the
square root of the number of contacts.”® Hence, the total capillary
force on the sphere is

F, = ﬂR,}/{Z sing, sin(6, +4,)— &R, sin> ¢, } ()

For the solid-to-solid adhesion force, they used DMT theory®’
because Gecko’s seta composed by B-keratin which has high elastic
modulus is close to DMT model. The DMT adhesion force Fpyr
between two round tips is calculated as

Fpr =27RW,

DMT " ad >

(10)

where R, is the reduced radius of contact, which is calculated as R,
=1/(R; + R;; ); Ry, R, — radii of contacting tips; for the case of
similar tips, R, =R,;;= R,5, R";= 2/R,. The work of adhesion W, can
be calculated using the following equation for two flat surfaces
separated by a distance D.”’

A

W = —72,
122D

ad

(11)

where 4 is the Hamaker constant which depends on the medium the
two surfaces are in. Kim and Bhushan®® assumed typical values of
the Hamaker constant to be A4, =10""? J in the air and 4,, =6.7 x 107"
J in the water.?” The work of adhesions of two surfaces in contact
separated by an atomic distance D ~ 0.2 nm?’ are approximately
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equal to 66 mJ/m? in the air and 44 mJ/m? in the water. Assuming
tip radius R, is 50 nm, the DMT adhesion forces of a single contact
in the air and the water are Fpyr, =11 nN and Fpyr, =7.3 nN,
respectively. As the humidity increases from zero to 100%, the
DMT adhesion force will take a value between Fpyr, and Fpyr,,.-
To calculate the DMT adhesion force for the intermediate humidity,
an approximation method by Wan et al.®® is used. The work of
adhesion W, for the intermediate humidity can be expressed as

dh+ [

Iy 6h’ dh

* A 'r Aw
o=y =Ly i 12
where £ is the separation along the plane, 4, is the water film

thickness at a filling angle ¢ ; which can be calculated as

h, =D+R,(1-cosg,). 13)

Therefore, using Eqgs. (10), (12) and (13), the DMT adhesion force
for the intermediate humidity gives as

1
Fovr = Four 1= 2
pMT DMT { (1+R,(1-cos ¢f)/D)' }

+ FDMT.a
(1+R,(1-cosg,)/ D)’
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Fig. 4 (a) Total adhesion force as a function of relative humidity for
a single spatula in contact with surfaces with different contact
angles.”® (b) Comparison the simulation results of Kim and
Bhushan®® with the measured data obtained by Huber et al.* for a
single spatula in contact with the hydrophilic and the hydrophobic
surfaces

Finally, Kim and Bhushan®® calculated the total adhesion force Fyy
as the sum of Egs. (9) and (14):

Fy=F +Fpy. (15)

To simulate the capillarity contribution to adhesion force for a
gecko spatula, Kim and Bhushan®® set the contact angle on gecko
spatula tip 6; equal to 128°.* It was assumed that the spatula tip
radius R, = 50 nm, the ambient temperature 7 = 25°C, the surface
tension of water y = 73 mJ/m* and molecular volume of water V' =
0.03 nm’.*’

Fig. 4(a) shows total adhesion force as a function of relative
humidity for a single spatula in contact with surfaces with different
contact angles. Total adhesion force decreases with an increase in
the contact angle on the substrate, and the difference of total
adhesion force among different contact angles is larger in the
intermediate humidity regime. As the relative humidity increases,
total adhesion force for the surfaces with contact angle less than 60°
has higher value than the DMT adhesion force not considering wet
contact, whereas with the value above 60°, total adhesion force has
lower values at most relative humidities. The simulation results of
Kim and Bhushan®® are compared with the experimental data by
Huber et al.* in Fig. 4(b). Huber ef al.* measured the pull-off force
of a single spatula in contact with four different types of Si wafer
and glass at the ambient temperature 25°C and the relative humidity
52%. According to their description, wafer families ‘N’ and ‘T’ in
Fig. 4(b) differ by the thickness of the top amorphous Si oxide layer.
The ‘Phil’ type is the cleaned Si oxide surface which is hydrophilic
with a water contact angle = 10°, whereas the ‘Phob’ type is Si
wafer covered with a hydrophobic monolayer causing water contact
angle > 100°. The glass has water contact angle of 58°. Huber et
al* showed that the adhesion force of a gecko spatula rises
significantly for substrates with increasing hydrophilicity (adhesion
force increases by a factor of two as mating surfaces go from
hydrophobic to hydrophilic). As shown in Fig. 4(b), the simulation
results of Kim and Bhushan® closely match the experimental data
of Huber et al..*

3.3 Fibrillar structure models

The explanation for the adhesive properties of gecko feet can be
found in the surface morphology With regard to the natural living
conditions of the animals, the mechanics of gecko attachment can
be separated into two parts: the mechanics of adhesion of a single
contact with a flat surface, and an adaptation of a large number of
spatulae to a natural, rough surface. For the single contact, we have
covered in the sections 3.1 and 3.2. In this section, fibrillar structure
models are described. The mechanics of adhesion between a
fibrillar structure and a rough surface as it relates to the design of
biomimetic structures has been a topic of investigation by many
researchers.>”729-3

Federle® classified theoretical arguments to explain the
increase of adhesion forces achieved by fibrillar structures into
three types: fracture mechanics model, contact mechanics (force
scaling) model and work of adhesion model, which are based on
different assumptions and are not fully compatible with each other.

Fracture mechanics model implies that adhesion is maximized
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when the size of adhesive contacts is smaller than the critical crack
length. A crack will propagate in a block of material when the
elastic energy released is greater than or equal to the increased
energy released associated with new surfaces. As the energy
invested to create new surfaces is linearly related to crack length CL,
a crack propagates once its length exceeds a critical value given by
the Griffith criterion”

2yE

2

o

CL>

(16)

where o is the applied stress, v is the surface energy and E is the
elastic modulus of the material. Similar concepts have been applied
to the detachment of adhesive setae.”'””> When the contact size is
reduced to the range of critical crack length or smaller, the adhesive
strength increases and may come close to the maximum theoretical
strength of the interface. When seta tips are larger, setae can detach
by peeling (crack propagation), and the forces are expected to scale
with contact radius. Even for larger setae, however, the shape of the
tips can be optimized by making them slightly concave so that the
stress is uniformly distributed over the contact zone.”” Under these
conditions, the theoretical contact strength can be achieved, which
is determined by the specific type of intermolecular interaction (for
van der Waals forces ~ 20 MPa). However, small departures from
the optimum shape in larger setac strongly reduce adhesion.
Adhesion becomes flaw-insensitive when the contact size is smaller
than the Griffith crack length.”*”

. 13,17.4
Contact mechanics models'>!748

predict adhesion forces to
scale with length and not with area. This scaling relationship has
given rise to the idea that adhesion can be increased by splitting up
the contact zone into many subcontacts. The adhesion force of
multiple contacts F,4 can be increased by dividing the contact into a
large number (n) of small contacts. A greater number of smaller
spatulae should thus increase overall adhesion. This concept has
used to explain the correlation of setal density with body size,
because larger animals with relatively less available surface area
such as geckos require a more effective adhesive system per unit
attachment area than smaller animals such as insects.'”*® One
inherent assumption of this force scaling argument is that the pull
off stress is distributed uniformly over all the setae of a hairy pad.
However, this assumption will not hold when hairy pads detach
from the surface by peeling so that stresses are concentrated at the
edge of the pad.”

The work of adhesion model suggests that adhesion increases
due to the bending and stretching of setac and associated energy
losses during detachment.*** Similarly to the conclusion derived
from the contact mechanics model,'”*® work of adhesion model
suggests that splitting up the contact into finer subcontacts can lead
to increased adhesion. However, this model considers the oblique
setae which give more compliant to surface and a much higher
adhesion force. The adhesion of the work of adhesion model mainly
depends on the energy needed to detach a single seta. The effective
work of adhesion W* of a fibrillar structure is the product of the
density of setaec N, (the number of setae per unit pad area) and the
energy U needed to detach a single seta. Assuming that a seta
sticking to the surface with the force Fj is bent or stretched normal

to the substrate by ,,, before detachment, its energy of detachment
Uis
Fyo,

max

2

U= (17)

Oblique fibers are displaced perpendicular to the surface®**'3** by

4°F, cos* @
37R'E

IF,sin* 6

6 2
7R"E

ax = O, cosd+9, sinf = (18)

bending compressive

Where R and / are the radius and length of the seta, respectively,
and @ is the seta angle. Combination of Egs. (17) and (18) gives

4]*
3R?

If N4 is the maximum number of perpendicular fibers per unit area

_FjI
27R*E

cos” @ +sin’ 9] (19)

permitted by the self-matting condition, only a smaller density of
N’y= N, sind is possible for sloped fibers. The angle-dependent
effective work of adhesion of the fiber array is then

F}N,I ”

Mo =UNs =i

)
n 9{412 cos” @ +sin’ 9} . Q0

3R
Eq. (20) shows that adhesion is maximized for an intermediate
angle 6,,,,. For setae with a large fiber aspect ratio (//2R>20)), W'y
scales with sind cos?d and is maximum at Omax=35".

The influence of surface roughness on the adhesion in the
biological systems has also been in the focus of scientists for a
decade,!0231404147.7375 A penefit of fibrillar structures is its ability
to make contact with and adhere to various surfaces with varying
degrees of surface roughness due to the effective increase in surface
compliance. Persson and Gorb*’ has quantified some important
aspects about adhesion properties against rough surface and
determined the work necessary to fail a fibrillar interface in the
presence of roughness. He found that the work to fail a fibrillar
contact array decreases with an increase in roughness height
variation. Hui et al.” showed using a simple statistical treatment of
a single-level fibrillar structure how compliance can compensate for
roughness and length variability. They consider the mechanical
model of a fibrillar surface with different height deviation to
examine the effect of roughness. They showed normalized adhesion

max

10

Fig. 5 Increasing surface roughness results in decreasing The
variation of normalized adhesion strength, —P,

fibril  height C

compliance”

as a function of

standard deviation, s. represents fibrillar
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strength, —P,__ decreases with increasing fibril height standard

deviation, s which represents roughness effect (Fig. 5). Kim and
Bhushan®?® have recently approximated a gecko seta in contact
with random rough surfaces using hierarchical spring model. They

1.52
152 and

generated random rough surfaces by computer program,
investigated the effect of surface roughness on the adhesion of
fibrillar structure under a wide range of root mean square amplitude
and various correlation lengths which are surface roughness

parameters.

3.4 Multilevel hierarchical adhesion structure models

The explanation for the skin of gecko is comprised of a
complex fibrillar structure of lamellae, setae, branches and
spatulae.® The lamellae can adapt to the waviness of the surface
while the setae and spatulae allow for the adaptation into micro and
nanoroughness, respectively. Through the use of the hierarchical
structure of its skin, gecko is able to bring a much larger percentage
of its skin in contact with the mating surface. Intuitively, the
hierarchical structure of gecko setae allows for a greater contact
with a rough surface than a non-branched attachment system.’'
Several scientists have been trying to create hierarchical structure
adhesive like gecko using various fabrication techniques.’®™
293038 on the effect of

hierarchical structure on the adhesion enhancement.

However, there are few theoretical studies

In order to understand the effect of hierarchical adhesion
structure on adhesion enhancements, the approach of Kim and
Bhushan® will be
hierarchical fibrillar structure model contacting a rough surface in

described. They developed three-level
terms of fracture mechanics, elastic beam theory and surface
interaction forces. They simulated spring models with one, two and
three levels of hierarchy to study the effect of the number of

hierarchical levels in the attachment system on attachment ability

One-level hierarchy

Fig. 6 One-, two- and three-level spring models for simulating the
effect of hierarchical morphology on interaction of a seta with a
rough surface”

(Fig. 6). Each level of springs in their model corresponds to a level
of seta hierarchy. The upper level of springs corresponds to the
thicker part of gecko seta, the middle spring level corresponds to
the branches, and the lower level of springs corresponds to the
spatulae. The upper level is the thickest branch of the seta. It is 75
um in length and 5 pm in diameter. The middle level, referred to as
a branch, has a length of 25 um and diameter of 1 um. The lower
level, called a spatula, is the thinnest branch with a length of 2.5 um
and a diameter of about 0.1 um. In their analysis, the tip of the
spatula in a single contact is assumed as spherical. The springs on
every level of hierarchy have the same stiffness as the bending
stiffness of the corresponding branches of seta. From Eq. (18), the
stiffness of seta branches £, is calculated as

P - 7R E
" 1, sin® @(1+41. cot® /3R2))’

@n

where subscript m is the level number. According to Derjaguin-
Muller-Toporov (DMT) theory in Eq. (14), the adhesion force for a
single tip of a spatula was calculated as 11 nN. This value is
identical to the adhesion force of a single spatula measured by
Huber et al..”® This adhesion force is used as a critical force in the
model for judging whether the contact between the tip and the
surface is broken or not during pull off cycle.’® If the elastic force
of a single spring is less than the adhesion force, the spring is
regarded as having been detached.

The base of the springs and the connecting plate between the
levels are assumed to be rigid. The distance S; between neighboring
structures of level / was calculated as 0.35 pum and a 1:10
proportion of the number of springs in the upper level to that in the
lower level was assumed.” The deflection of spring A [ was
calculated as

Al=h-1I -z, 22)

where 4 is the position of the spring base relative to the mean line
of surface; / is the total length of a spring structure which is /, =/;
for the one-level model, [, =[+I; for the two-level model, and /,
=IHl iy for the three-level model; and z is profile height of the
rough surface. The elastic force F,; arisen in the springs at a
distance /4 from the surface was calculated for the one-, two- and
three- level models as®

1 if contact

P
F =~k ) Alu,, u, :{ (23)
i=1

0 if no contact

L3 1 if contact
F,=- k(AL =Al Nu, u,= ’
o /2:1: l_:] /:( ji /)u.u > Wi {O i no contact’ 24
ShShY 1 if contact
F,=- ky (AL, —AL = AL )uy, | u, = 25
. ;j:] il ( ¥ v J) b T {0 if no contact 25)

where p, ¢ and r are the number of springs in the level 7, I and 1]
of the model respectively. When springs approach the rough surface,
the spring force is calculated using either Egs. (23), (24) and (25)
for one-, two- and three-level models, respectively. During pull off,
the same equations are used to calculate the spring force. However,
when the applied load is equal to zero, the springs do not detach due
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to adhesion attraction given by Eq. (10). Springs are pulled apart
until the net force (pull-off force minus attractive adhesion force) at
the interface is equal to zero. The adhesion force is the lowest value
of elastic force F,; when the seta has detached from the contacting
surface. The adhesion energy is calculated as

W = j: F,(D)dD, (26)

ad —

where D is the distance that the spring base moves away from the
contacting surface. The lower limit of the distance D is the value
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Fig. 7 (a) Force-distance curves of one-, two- and three-level
models in contact with rough surfaces with ¢ = 1um for an
applied load of 1.6 uN.? (b) The adhesion coefficient, the
number of contacts and the adhesion energy per unit length of
profile for one- and multi-level models with an increase of ¢
value (left figures), and relative increases between multi- and
one -level models (right side) for an applied load of 1.6 uN*’

of D where F,, is first zero when the model is pulled away from the
contacting surface. The random rough surfaces used for simulation
were generated by a computer program.®'** For modeling of contact
of a seta with random rough surfaces, the range of values of ¢ from
0.01 pum to 30 um and a fixed value of B" =200 um were taken.
Fig. 7(a) shows the calculated spring force—distance curves for
one-, two- and three-level hierarchical models in contact with rough
surfaces with different values of root mean square (RMS) amplitude
o ranging from 0.01 pm to 10 um at an applied load of 1.6 uN
which was derived from the gecko’s weight. Using the spring force-
distance curves, Kim and Bhushan® calculated the adhesion
coefficient, the number of contacts per unit length and the adhesion
energy per unit length of the one-, two- and three-level models for
an applied load of 1.6 uN and a wide range of RMS roughness as
seen in the left graphs of Fig. 7(b). The adhesion coefficient,
defined as the ratio of pull-off force to the applied preload,
represents the strength of adhesion with respect to the preload. For
the applied load of 1.6 puN, which corresponds to the weight of a
gecko, the maximum adhesion coefficient is about 36 when o is
smaller than 0.01 pm. This means that a gecko can generate enough
adhesion force to support 36 times its bodyweight. The adhesion
coefficient decreases with an increase of . It is noteworthy that the
adhesion coefficient falls below 1 when the contacting surface has
an RMS roughness ¢ greater than 10 pm. This implies that the
attachment system is no longer capable of supporting the gecko’s
weight. Autumn and coworkers™® showed that in isolated gecko
setae contacting with the surface of a single crystalline silicon wafer,
a 2.5 uN preload yielded adhesion of 20—40 uN and thus a value of
adhesion coefficient of 8—16, which supports the simulation results
of Kim and Bhushan.” In order to demonstrate the effect of the
Kim and

Bhushan® calculated the increases in the adhesion coefficient, the

hierarchical structure on adhesion enhancement,
number of contacts, and the adhesion energy of the two-, three- and
three-level (with 0.1ky;) models relative to one-level model, as
shown in the right side of Fig. 7(b). It was found for the two- and
three-level models, relative increase of the adhesion coefficient
increases slowly with an increase of ¢ and has the maximum values
of about 70% and 80% at o= 1 pm, respectively, and then
decreases for surfaces with o greater than 3 pm. Kim and Bhushan®
did not consider the effect of lamellae in their study. The authors
state that the lamellae can adapt to the waviness of surface while the
setae allow for the adaptation to micro- or nano-roughness and
expect that adding the lamellae of gecko skin to the model would
lead to higher adhesion over a wider range of roughness.

3.5 Adhesion Map for Optimization of Biomimetic
Attachment System

Effective design of geckolike adhesives requires deep
understanding of the principle underlying the properties observed in
the natural system. For example, synthetic setae that can attach
without substantial preloads will likely require angled rather than
vertical fibers to promote a bending rather than buckling mode of

31,81

deformation. It is necessary to ensure that the fibrils are

compliant enough to easily deform to mating surface roughness
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profile, yet rigid enough not to collapse. Excessively high dense
setae should also cause matting of adjacent setae.2%>1:33344073 The
distance between setae and the stiffness of the fibers will determine
the amount of force required to bring the tips together for matting to
occur. It follows form the cantilever model that stiffer, shorter and
thicker stalks will allow a greater packing density without matting.
Satisfying both non-sticking and rough surface conditions may
require a compromise of design parameters. Shah and Sitti*” studied
using the fibers as an array of oriented cantilever beams
mathematical relations between the adhesion properties and fiber
properties, and formulated design guidelines for fabrication of the
biomimetic synthetic adhesives. Spolenak et al.** devised design
maps for setal adhesive structure, an elegant approach to visualizing
the parametric trade-offs needed to satisfy the rough surface and
Kim and Bhushan"

general and useful guideline for understanding

non-sticking conditions. developed a
convenient,
biological systems and for improving the biomimetic attachment.
This adhesion database was constructed by modeling the fibers as
oriented cylindrical cantilever beams with spherical tips. The
authors then carried out numerical simulation of the attachment
system in contact with random rough surfaces considering three
constraint conditions—buckling, fracture and sticking of fiber
structure. For a given applied load and roughness of contacting
surface and fiber material, a procedure to find the optimal fiber
radius and aspect ratio for the desired adhesion coefficient was

developed.

4. Gecko Friction and Peeling Models

Although geckos are capable of producing large adhesive forces,
they retain the ability to remove their feet from an attachment
surface at will by peeling action. The orientation of the spatulae
facilitates peeling. Autumn et al.> were the first to experimentally
show that adhesive force of gecko setae is dependent on the three
dimensional orientation as well as the preload applied during
attachment. Due to this fact, geckos have developed a complex foot
motion during walking. First the toes are carefully uncurled during
attachment. The maximum adhesion occurs at an attachment angle
of 30°—the angle between a seta and mating surface. The gecko is
then able to peel its foot from surfaces one row of setae at a time by
changing the angle at which its setae contact a surface. At an
attachment angle greater than 30° the gecko will detach from the
surface. This is consistent with models of setaec a cantilever
beams.*'**%2 Gao et al.*? created a finite element model of a single
gecko seta in contact with a surface. A tensile force was applied to
the seta at various angles, 0. They showed the dominant failure
mode for forces applied at an angle less than 30° was sliding,
whereas, the dominant failure mode for forces applied at angles
greater than 30° was detachment. This verifies the results of
Autumn et al.? that detachment occurs at attachment angles greater
than 30°.

Several experimental reports>!%:4-53

say that the friction force is
higher than the adhesion force in the gecko adhesives. When

properly oriented, preloaded and dragged, a single seta can generate
200 uN in shear’ and 40 uN in adhesion,'® over three orders of
magnitude more than required to hold the animal’s body weight.
Autumn et al.* reported that when setal arrays dragged against their
natural path (against curvature) they remained compressed and did
not adhere. Average friction force Fywas 7.5 mN + 0.00004, for an
average normal (compressive) force, F,, of 25.0 £ 0.2 mN yielding a
friction coefficient p of 0.31+£0.02. When dragged along their
natural path (with curvature) setal arrays compressed initially and
then adhered, resulting in tensile normal forces. Average friction
force Frin arrays dragged with curvature was 74.6 £ 9.0-mN and
average normal force F, (adhesion force F,;) was 34.8 + 4.6-mN.
The angle of the resultant force vector was o* = tan'(F, / Fy =
24.6 + 0.9°, which the detachment angle of the isolated seta arrays
were close to the values of 30° in the past report.”

Several friction and peeling models have been proposed to
explain the above experimental results for gecko hair’s sliding and
detachment. In this section, first, to explain the friction behavior on
the fibrillar structure, the fibrillar structure friction model based on

143-45

Coulomb’ law*? and the adhesional friction mode are described,

and finally the tape peeling models such as Kendall peel

126,40,4647

mode and peel zone model® are demonstrated in detail in

the following sections.

4.1 Friction in Fibrillar Structure

The friction force measured in the fibrillar structure is a
combination of two types of forces: friction that is governed by
Coulomb’s law and adhesional friction. Coulomb’s friction occurs
when a fiber is in compression whereas adhesional friction is the
lateral component of the tensile force on the fiber.

Majidi et al.* proposed a model for friction enhancement effect
of fibrillar structure based on Coulomb’s law. For a micro-rough
substrate and/or small variations in fiber length, only a fraction of
the fibers will be in contact under a small total normal load F,.
Fiber compliance can be modeled using either an ideal elastic
column with a critical buckling load®” or a inclined cantilever.’! By
Coulomb’s law, shear resistance (friction force) of single fiber F,
from each contact is

F) = uF, +, 27)

where g is friction coefficient, F,, is critical buckling load of fiber, t
is the interfacial shear strength per unit area and A, is the real
contact area for the fiber. Under a light normal load F,, it follows
that for an array of ideal elastic columns, the number of contacts N
will be approximately N= F, /F,,. With the addition of shear load, N
should be slightly greater due to the enhanced compliance of fibers
under compound loading, but this difference is assumed to be
negligible.*” The shear resistance of an entire fiber array Fyis as
follows substituting the expressions for N and F’,,

. A,
F,=F;N = ,U+F7 F, =ty F, (28)

where /4 is the effective friction coefficient and Eq. (28) resembles
Amontons’ law. The ideal column model also implies complete
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contact when the applied load exceeds F,.N,, where N, is the total
number of fibers inside the contact area. In this case,

N, A,
F

n

oy = p+ (29)

Since N,4yis bounded above by the apparent contact area, Eq. (29)
implies that s, should asymptotically approach x with increasing
load F,,. Majidi et al.** measured the static friction on a traditional
pulley apparatus for microfiber arrays from stiff polymer
(polypropylene, 1GPa) as shown Fig. 8. The results show the
fibrillar structure gives more than an order of magnitude increase in
the friction coefficient compared to the bulk materials. As predicted
in the above friction formulations for the fibrillar structure, the
friction coefficients decrease with an increase of applied normal
pressure as shown the fibers with radii of R = 0.3 pm and R =

0.6pm.
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Fig. 8 Plot of shear resistance as a function of normal pressure for
polypropylene fiber arrays; (A) radius R = 0.3 pm, (@) R = 0.6
pm, (l) R = 2.5 pum. Solid gray lines represent theoretical
predictions from Eq. (29)*

4.2 Frictional Adhesion Model

From several o';txpo';triments,z‘l6’43’83

it looks apparent that the
friction forces are much higher than the adhesion forces. Autumn et
al.*® recently proposed a frictional adhesion model in which gecko
adhesion depends directly on the shear (friction, lateral) force in the
gripping direction. They also analyzed theoretically the gecko
friction and adhesion behavior based on a tape model taking in to
account the nano- and microscopic geometry and the macroscopic
action of gecko toes.**°

Tian et al’s theoretical analysis** for frictional adhesion on
microscale will be introduced. They used a tape model considering
the final two levels of the hierarchical structures of geckos that are
the seta and their spatulae as shown in Fig. 9. A seta has a length of
approximately ;= 120 wm, a cross-sectional diameter dy = 4.2 pum.
The spatula shaft has a diameter of approximately d =0.1 pm and a

length of /= 0.8 um. A spatula pad held at the end of a spatula shaft

has approximate dimensions of 0.3 pm (length, L) x 0.2 pm (width,
b) x 5 nm (thickness, /). The bending inertias of the seta shaft,
spatula shaft and spatula pads are I, = 1.5 x 102 m*, /= 4.9 x 10”°
m*, and 7 = 1.7 x 10> m*, respectively. They assumed the bulk
elastic modulus £ of the B keratin-like protein as 2 GPa.

x=0
A Spatula pad
1 \/ (width b)
o
= I: Ll Do
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Fig. 9 A tape model for frictional adhesion on microscale
considering the final two levels of the hierarchical structures of
geckos that are the seta and their spatulae**
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Fig. 10 The absolute values of the normal (adhesion) force
component Fqy, the lateral (friction) force component Fy, the net
pulling force F(0), and the maximum friction force f fmax that can

be obtained from a spatula pad in contact with a substrate (shaded
band)*

The force balances in pulling a spatula analyzed in three force
regime: (i) a contact region from x = 0 to x = x; where the attractive
van der Waals force is balanced by the repulsive surface force, and
where the total force on the spatula is therefore zero; (ii) a transition
peel zone between x; and x, where the integrated van der Waals
force Fqw of the spatula is balanced by the force F(0) along the
spatula shaft; and (iii) for x > x,, the van der Waals force acting on
the shaft is too weak and is negligible, so the tension or pulling
force remains constant and equal to F(0) along the shaft. 7(8) can
be written as

F(@)=F,sin0+F, cosé (30)
where the normal and lateral components F,, and F; are defined as
E1 :deW =F(0)Sll’10 (31)

F, =F, =F(8)cost (32)
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For the radius of the spatula R, Tian et al. (2006) used an
empirical power law of the form R = 4.215x8" for a physically
realistic functional form for R in terms of @ that is valid at all angles.
Based on this geometric relation, the attractive force in the peel
zone Fqy can be obtained by integrating the van der Waals force
(Eq. (4)) from ¢ =0 to ¢ =6, as follows

of A ¢ 4
F, = IO(WJ’?R‘M = Io(6ﬂ(D0 + R(1-cosg))’

where D, is the contact separation. Taking 4 = 0.4x10™'°J and D,=

(33)

RdA,

0.3 nm, the curve of F,qw are shown as a function of 6, which
ranges from 20 nN at 90° to 150 nN at 5°. Tian et al. (2006) stated
that instead of Eq. (33), the standard expression for the force
between half a cylinder of radius R and a flat surface in following
Eq. (34) gives almost the same results,

ABR?
vdiv _W

The attractive force in the contact regime (x < x;) F¢yqw Which

(34

determine the adhesion force contribution to the friction force Fyis

A

F -
67D, ’

coaw = X0 (35)
where x;b is the contact area of a spatula with the substrate. The
maximum friction force using the general equation for adhesion
controlled is

F;“a‘ = #Fc‘vdW El (36)

where p is the friction coefficient. Because | for a polymer material
rubbing against a van der Waals surface usually ranges from 0.2 to
1.0, F™ is predicted to be = 900-4,500 nN as shown in Fig. 10.

The friction force of a single spatula has never been measured
directly. Autumn et al. (2000) carried out a friction test on a single
seta obtaining a maximum friction force of = 200 pN. Taking the
number of spatulae on a single seta to be 100~1,000, then /"™ of a

single spatula is 200-2,000 nN, which is in agreement with the
above theoretical estimate.

The result graph of Tian et al.’s friction model (2006) is shown
in Fig. 10. The friction force is F;= F\ 4w/ tand, and the total pulling
force is F(0) = Fyqw/ sinf. Fig. 10 shows the range of maximum
possible values for F(6) before the surfaces detach or slip. This
regime, shown by the horizontal shaded band is determined mainly
by F/™. The condition F(0) < F™. is clearly satisfied for angles

0 greater than =~ 10°. Fig. 10 also shows that the pulling force F(6)
can vary by more than two orders of magnitude depending on 8 and
that for small 8 (0 < 30°) it is determined mainly by the friction
force while for large 8 (6 > 60°) it is determined mainly by the
adhesion force, the cross-over angle being at = 40°. Tian et al.’s
analysis** leads us to the comprehensive conclusion that both the
lateral friction force and normal adhesion force of a single seta can
be changed by more than three orders of magnitude.

4.3 Tape Peeling Model

26,4748

A few studies of the peeling of a single spatula have been

analyzed in terms of the Kendall peeling model*® as

Y L (E)q_cosgy-w, =0,
b) 2nE "\ b

where F is the peeling force, b is the width of the tape, % is the

€0

thickness of the tape, £ is the elastic modulus of the tape and 0 is
the peeling angle. This equation, quadratic in F/b, shows how the
three terms, elastic, potential and surface, interact. Ordinarily the
first, elastic term may be neglected because the stress F/bh is
usually very much smaller than E. The force during peeling of a
flexible strip of tape including elastic energy term is given by

F_o W\ castic energy term (38)
b (I-cosd) &y fermt.
Solving for 6 in Eq. (51), the angle at the onset of peeling is as
bw,
6= cosl(l - "] . (39)
F

The Kendall equation is derived based on an energy balance by
considering the adhesive force between the tape and the surface and
the amount of energy required to peel the tape to a new location
while at a constant peel angle, 8. The Kendall equation inherently
does not provide any information about the geometry of the peel
zone nor how friction forces contribute to the adhesion force. To
overcome this shortness, recently Pesika et al.** derived a new
quantitative model for tape peeling based on the geometry of the
peel zone, so called peel zone model, as ascertained form
microscopic observations of the peel zone during detachment.
Pesika et al.® derived the peeling force for the special case in which
the tape backing is sufficiently compliant and the curvature of the

backing.
F _ 2w,,0 . (40)
b rm(l—-cosf)sinf
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Fig. 11 Plots of measured and theoretical peel forces versus peel
angle for a model tape consisting of a transfer tape adhesive on a
transparency film backing at a peel velocity of v~ 0.03 mm/s**

The PZ model derived Pesika et al.* differs from the Kendall
equation (Eq. (38)) by an angle-dependent multiplier, which takes
into account the increase in the length of the peel zone as the peel
angle is reduced. This factor causes the peel force predicted by the
peel zone model to be always smaller than the value given by the
Kendall equation, the largest difference occurring at smaller peel
angles. Fig. 11 shows a plot of the measured peel force for the
detachment of the model tape from borosilicate glass surface as a
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function of the peel angle 0 in the range from 30° to 90°. The PZ
model (solid line) accurately predicted the peeling behavior of the
tape within the range of angles studied. The model accurately
predicted the peel behavior for adhesive tapes. The Kendall model
(dashed line) does predict the correct trend, but it increasingly
overestimates the peel force as the peel angle decreases.

5. Future Works

In spite of many efforts in the gecko modeling field, they still
fall short of the satisfying representation of gecko’s performance.
First, for the hierarchical models, there are many things to be
developed. Kim and Bhushan® showed the roughness reduces the
adhesion force; at the surface with ¢ more than 10 um, adhesion
force by gecko weight cannot support itself. However, in practice,
gecko can cling or crawl on the surface of ceiling with higher
roughness. Their model did not consider the effect of lamellae, soft
ridge that are located on the attachment pads that compress easily
so that contact can be made with rough bumpy surfaces. The
lamellae can adapt to the waviness of surface while the setae allow
for the adaptation to micro- or nano- roughness, so models of
lamellar structure will be needed to explain function on roughness
above the micron scale. In addition, the hierarchical models
considered only normal to surface deformation and motion of seta.
It should be noted that measurements of adhesion force of a single
gecko seta made by Autumn et al.> demonstrated that a load applied
normal to the surface was insufficient for an effective attachment of
seta. The maximum adhesion force was observed by sliding the seta
approximately 5 pum laterally along the surface under a preload.
Therefore, the model for sliding and detachment motion of a
hierarchical gecko structure needs to be considered. In addition,
optimization for multi-level hierarchical adhesion system will be
productive research topic.

Future work might also be aimed at establishing new interfacial
laws to address the unique and remarkable properties of gecko feet.
For the friction model, most of things are based on Coulomb’s law,
however there are many friction theories developed in the tribology
area. Some more modern and sophisticated friction models can be
applied to explain gecko sliding; adhesional friction models of

elastomers,®>3¢

ratchet models to present the effect of roughness on
adhesional friction,*”*° hysteresis models,”"”> Liquid- mediated
contact models.”> Besides, the model to reveal the effect of surface
roughness on the friction and peeling of gecko-like elastic thin films
has not been discussed. The coupling model to explain the
relationships between adhesion and friction is documented
recently,®® but more researches in the different respect need also to
be presented. These theoretical works can motivate new insights
into the friction and adhesion for fibrillar structures indeed.

Basic morphological description for biological diversity of
lamellae, setae and spatulae will be required. Diversity of the array
parameters, dimension and shape is great but not well documented.
In particular, the shape for setal arrays on lamellae demands further

investigation.®? The collective behavior of the setal array will be a

research topic.”> The model on mechanical properties of a material
like B keratin is also required for closer simulation to real.

One of the causes of the absence of the above models is the
limitation of the experimental data. It is hard to study the mechanics
of a single seta or a single spatula due to their small dimension. In
particular, the separate contributions of the normal adhesion and
lateral friction forces have not fully investigated. The rapid
switching on and off of the adhesion and friction forces during a
step involving attachment followed by detachment is still an open
issue.¥” A possible reason is the oversimplification of the
geometrical design of the artificial mimics. No hyperstrucrue, tilt,
or optimized tip geometry has been considered. The main reason for
the simplification is the intrinsic difficulty and scarce availability of
3D micro and nanofabrication methods for adhesion testing. This
fact strongly limits further progress in this area.’’ Therefore, the
greater experimental research efforts need to be encouraged.

The most immediate application of gecko inspired fibrillar
structure is for wall climbing robots.”**” Stikybot which utilizes
synthetic setal arrays for wall climbing is designed to achieve
controllable adhesion through hierarchical structure compliance,
anisotropic friction and adhesion, and distributed force control,
similar the natural gecko.”” Applications range from automobiles to
electronic devices. Presently, manufacturers use glues, welding, or
soldering to form temporary or weak permanent bonds. These
methods consume material and time, require high precision, and
often require multiple tools to execute. By replicating the
characteristic of gecko feet adhesives, manufacturers hope to avoid
these costly issues and enable the development of a super adhesive
polymer tape capable of clean, dry adhesion.’’"®789%1% Higp-
friction microfiber arrays could also be used for enhanced traction
in brakes and tiers. These reusable adhesives have potential for use
in everyday objects such as tape, fasteners, and toys and in high
technology such as microelectric and space applications. In addition,
an issue for the potential utility of the developed modeling methods
with Gecko inspired adhesive applications (e.g. how they can be
used to design more effective adhesives) should be discussed
delicately in the future.

In conclusion, the theoretical studies are contributing to
understanding the fundamental processes underlying adhesion,
friction and peeling, and providing biological inspiration for the

design of novel adhesives and climbing robots.
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