Applied Physics
Letters

Effect of pre-tension on the peeling behavior of a bio-inspired nano-film and
a hierarchical adhesive structure
Zhilong Peng and Shaohua Chen

Citation: Appl. Phys. Lett. 101, 163702 (2012); doi: 10.1063/1.4758481
View online: http://dx.doi.org/10.1063/1.4758481

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v101/i16
Published by the American Institute of Physics.

Related Articles

The sensitivity of graphene “snap-through” to substrate geometry
Appl. Phys. Lett. 100, 233111 (2012)

Thin smart multilayer microwave absorber based on hybrid structure of polymer and carbon nanotubes
Appl. Phys. Lett. 100, 213105 (2012)

An off-lattice, self-learning kinetic Monte Carlo method using local environments
J. Chem. Phys. 135, 174103 (2011)

An efficient algorithm to accelerate the discovery of complex material formulations
J. Chem. Phys. 132, 174103 (2010)

Structural colors from Morpho peleides butterfly wing scales
J. Appl. Phys. 106, 074702 (2009)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT
7 1pm-thick LPCVD
\‘ e SURFACES AND
. . L INTERFACES
Ap pl Ied Phys'cs Focusing on physmal,chenrﬁical’biolugircal.
Letters B e, o ..

EXPLORE WHAT'S AL R Ay

N EW I N Ap L & 4 Focusing on all aspects of static and dynamic

energy conversion, energy storage, photovoltaics,

solar fuels, batteries, capacitors, thermoelectrics,

SUBMIT YOUR PAPER NOW! ' i > and more...

Downloaded 11 Dec 2012 to 159.226.199.8. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/233908216/x01/AIP/HA_Explore_APLCovAd_1640x440_Nov2012/APL_HouseAd_1640_x_440_r2_v1.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Zhilong Peng&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Shaohua Chen&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4758481?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v101/i16?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4724329?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4717993?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3657834?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3407440?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3239513?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 101, 163702 (2012)

Effect of pre-tension on the peeling behavior of a bio-inspired nano-film

and a hierarchical adhesive structure

Zhilong Peng and Shaohua Chen?
LNM, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China

(Received 15 August 2012; accepted 27 September 2012; published online 15 October 2012)

Inspired by the reversible adhesion behaviors of geckos, the effects of pre-tension in a bio-inspired
nano-film and a hierarchical structure on adhesion are studied theoretically. In the case with a
uniformly distributing pre-tension in a spatula-like nano-film under peeling, a closed-form solution
to a critical peeling angle is derived, below or above which the peel-off force is enhanced or
reduced, respectively, compared with the case without pre-tension. The effects of a non-uniformly
distributing pre-tension on adhesion are further investigated for both a spatula-like nano-film and
a hierarchical structure-like gecko’s seta. Compared with the case without pre-tension, the
pre-tension, no matter uniform or non-uniform, can increase the adhesion force not only for the
spatula-like nano-film but also for the hierarchical structure at a small peeling angle, while
decrease it at a relatively large peeling angle. Furthermore, if the pre-tension is large enough, the
effective adhesion energy of a hierarchical structure tends to vanish at a critical peeling angle,
which results in spontaneous detachment of the hierarchical structure from the substrate. The
present theoretical predictions can not only give some explanations on the existing experimental
observation that gecko’s seta always detaches at a specific angle and no apparent adhesion force
can be detected above the critical angle but also provide a deep understanding for the reversible
adhesion mechanism of geckos and be helpful to the design of biomimetic reversible adhesives.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4758481]

The exceptional adhesion ability of geckos to climb and
detach from almost any surfaces at will has been attracting
many scientists’ interests since Aristotle who observed
geckos to “run up and down a tree in any way, even with the
head downwards” in the 4th century B.c.' The underlying
mechanisms of geckos’ attachment and detachment, includ-
ing suction, secretions, interlocking and so on, have been
proposed and then rejected in the past decades. Until
recently, the micro-structures of geckos’ adhesive system
were observed and the fundamental principle of geckos’ ad-
hesion was disclosed with the help of the advanced experi-
mental methods.>™ It is found that one toe of gecko’s foot
consists of hundreds of thousands of setae and each seta fur-
ther branches into hundreds of spatulae. The dominant mech-
anism of gecko’s adhesion is due to the van der Waals
force,'* while capillary force might also play a significant
role.”™”’ Using such a hierarchical structure, micro-scale
forces, such as van der Waals force and capillary one, are
accumulated to support geckos’ body weight. Furthermore, it
is widely believed that geckos rely on the hierarchical adhe-
sive structure to achieve the robust attachment and easy
detachment.

Many interesting works have been extensively done in
order to investigate the micro-scale mechanism of geckos’
adhesion.*'* Gao et al.” assumed a spatula on gecko’s foot
as a cylindrical fiber, and found that the interfacial adhesion
strength could achieve the theoretical one only if the radius
of the fiber was below a critical size. Considering the real
profile of a spatula that looks like a nano-film with a finite
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length scale, the classical Kendall’s model was often adopted
to simulate the peeling behavior of geckos’ spatulae.'”™!”
Tian et al."® proposed a frictional adhesion model and found
the peel-off force varying significantly with the peeling
angle. The adhesive behavior of a bio-inspired nano-film
with a finite contact length was investigated by Peng er al.,'?
in which the effect of the adhesive length on adhesion force
was considered. The influences of surface roughness'® and
environmental relative humidity® on nano-film’s adhesion
were further studied. All the above theoretical results are
helpful to explain some existing experimental observations
of geckos’ adhesion, such as the size effect of a spatula and
the rolling behavior of geckos’ feet for reversible adhesion.

Another important experimental finding is that gecko’s
foot always slides a small distance when it adheres to a solid
surface.” The sliding behavior helps geckos to achieve larger
intimate contact area on a rough surface. Simultaneously,
pre-tension will be induced in the nano-film-like spatula due
to the sliding. Chen er al.'” investigated the effect of pre-
tension on the peel-off force using an elastic tape model, in
which pre-tension was assumed to distribute uniformly in the
tape. The results showed that pre-tension could significantly
increase the peel-off force at a small peeling angle, while
decrease it at a large one. However, the critical peeling angle
below and above which the peel-off force is increased and
decreased was not given in their study. Furthermore, accord-
ing to the sliding behavior of geckos’ feet, pre-tension gener-
ated in the spatular pad should be significantly non-uniform.
Numerical calculation has proved a linearly distributing pre-
tension in the spatular pad due to the sliding behavior."”
How the non-uniform pre-tension affects the adhesion of the
spatular pad is still an open question.

© 2012 American Institute of Physics
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In addition, it is well known that biology often resorts to
a hierarchical adhesive system to achieve robust attachment
and easy detachment. The mechanical mechanism of such a
hierarchical structure has been investigated by several theo-
retical models, such as a hierarchical fibrillar model?® and a
three-level hierarchical spring model.?! Specially, a rela-
tively real hierarchical model was proposed by Chen et al.,'°
in which the intermediate level of the structure consists of
setae, while the lowest level was modeled as spatulac. How-
ever, the above hierarchical models could not account for an
important experimental observation that a critical detach-
ment angle independent on the peeling force existed for
gecko’s hierarchical setae and even for the entire toe. Above
the critical angle, no apparent adhesion force could be
detected for the hierarchical structure. What factor leads to
such an interesting phenomenon? Is it also due to the pre-
tension in the lowest level of the hierarchical system?

In this letter, in order to answer the above questions, the
effect of a uniform pre-tension on the adhesion of a spatula-
like nano-film is further investigated first based on Ref. 17.
Then, considering the effect of a non-uniform pre-tension,
theoretical models of a spatula-like nano-film and a two-
level hierarchical structure are established and investigated.
Finally, the results are further extended to a higher level hier-
archical system.

Considering the case with a uniformly distributing pre-
tension in a spatula-like nano-film as shown in Fig. 1, Chen
et al."” found that the pre-tension could significantly increase
the peel-off force at a small peeling angle, while decrease it
at a large one, leading to a strongly reversible adhesion.
Based on the analysis of Chen er al.,'’ a critical peeling
angle 0 can be further obtained, which depends on the value
of the pre-tension. Below or above the critical angle, the
peel-off force can be enhanced or reduced compared with
the case without pre-tension.

According to the classical Kendall’s peeling model, the
peel-off force P of an elastic nano-film without pre-tension
as a function of the peeling angle 0 can be expressed as'”

2Ay

P= .
\/(1 — cos)® + 2Ay/Eh + (1 — cosf)

6]

If the nano-film is initially subjected to a pre-tension Py,
the peel-off force can be written as,'”

P =Eh [\/ (1 —cos — Py/Eh)* — (Po/Eh)* + 2Ay/Eh

— (1 —cosl — PO/Eh)} ) (2)

0 X |Ax|

FIG. 1. Schematic of a spatula-like nano-film with pre-tension P attached
on a rigid substrate. P can be either a constant or a function of the coordi-
nate x. P is a peeling force and 0 is the peeling angle. Ax denotes an infini-
tesimal peeling distance of the nano-film.

Appl. Phys. Lett. 101, 163702 (2012)

where Ay is the interfacial adhesion energy, / is the film
thickness, and E the Young’s modulus of the film.

Letting Eq. (1) equal Eq. (2) yields a critical peeling
angle 0 as a function of the pre-tension Py,

_ 2Ay Py
Oy = - — ). 3
o = COS ( Py +4Eh) 3)

In contrast to the peel-off force of the model without pre-
tension, if the peeling angle is above the critical one, the
peel-off force of the nano-film with a determined pre-tension
will be decreased; while the peeling angle is below the critical
one, the peel-off force will be increased. That means the pre-
tension will increase the interfacial adhesion strength at a
peeling angle that is smaller than the critical one, while it will
reduce the interfacial adhesion strength at a peeling angle that
is larger than the critical one. In one word, robust attachment
can be achieved at a lower peeling angle and easy detachment
will be realized at a larger one via the effect of pre-tension.

The critical peeling angle 0y as a function of the pre-
tension Py (the attachment and detachment map of a spatula)
is shown in Fig. 2 with the parameter Ay/Eh =1 x 1073
One can see that the critical peeling angle decreases quickly
when the pre-tension increases. When Py vanishes, the criti-
cal angle does not exist, which corresponds to the model
without pre-tension.

In order to ensure stable adhesion and avoid spontaneous
detachment of the nano-film with a uniform pre-tension from a
substrate, the pre-tension should satisfy Py < v/2EhAy, which
can be obtained from the competition between the adhesion
energy and the strain energy induced by the pre-tension.

Naturally, geckos slide their feet a small distance on a
solid surface before achieving robust adhesion,® the pre-
tension resulting from which is not necessarily uniform as
investigated in Ref. 17. The distribution of pre-tension in the
spatula depends on the interfacial friction as shown in Fig. 1,
where the pre-tension Py is not a constant but a function of
variable x.

Two distributing states of the non-uniform pre-tension
in the nano-film are possible: (a) when the dragging force is
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FIG. 2. The critical peeling angle 0, as a function of the non-dimensional
pre-tension Py/Eh in the spatula-like nano-film. Two regions are divided by
the relationship curve, below which the adhesion force is improved and
above which the adhesion force is reduced in contrast to the case without the
pre-tension.
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163702-3 Z.Pengand S. Chen
smaller than the maximum static frictional force of the inter-
face, the spatula-like nano-film remains sticking on the solid
surface. We assume a linearly distributing interface frictional
traction T = kx, where k is a constant. The pre-tension distri-
bution in the spatula-like nano-film can be found according
to Po(x) = 1/2kx?; (b) when the dragging force is larger
than the maximum static frictional force, the spatula-like
nano-film will slide a small distance and then adhere on the
solid surface. We assume a uniformly distributing frictional
traction equaling the interfacial shear strength T = 74, which
results in the pre-tension distribution in the nano-film
Po(x) = tox. For other possible distributing forms of the
interface frictional traction, the similar method can be used
to find the pre-tension in the nano-film.

Similar to the classical Kendall’s Work,15 we assume a
steady-state virtually infinitesimal peeling length Ax as shown
in Fig. 1. The work done by the applied peeling force is

P— Py

Wi = PAx(1 — cosf) + PAx T

“4)

where the pre-tension P is a function of variable x, Ax(1
— cosf)) corresponds to the distance in the peeling direction,
and Ax[(P — Py)/Eh] from the additional elastic deformation
of Ax.

Summation of the adhesion energy and the elastic
energy stored in the film is

LAx

:A"-
W, Y AX+2Eh

(P* - P). (3)

Then, the energy conservation leads to

P? PPy P(z)
EJFP(I—COSH)—E—}IJFE—A/—O (6)

from which one can see the peel-off force P depends not
only on the pre-tension P but also on the peeling angle 6.
Figure 3 gives the peel-off force along the film’s
detached length at several peeling angles for the sticking case
Po(x) = 1/2kx* and the sliding case Po(x) = tox with non-
dimensional parameters ki /E = 3.75 x 107>, L/h = 40, and
79/E = 1073, in which the case without pre-tension is also

0.08 1 sliding
- - - -sticking -
- without pre-tension et
5 006 oly
g s
N J—
s 1l -
8 = -
& 0.04- N
= | 0¥ 12°
? le——mmmmemmooIIIL hY
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A, 0.02
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A
6=902 - —
0.00 R .
0.00 0.25 0.50 0.75 1.00

Distance from the left end of the film x/L (nm)

FIG. 3. The non-dimensional steady-state peel-off force P/Eh varying with
the detached length for cases with different pre-tension distributing forms
and different peeling angles. The results for the case without pre-tension are
also given for comparison.

Appl. Phys. Lett. 101, 163702 (2012)

given for comparison. It is shown that the initial peel-off
forces at x/L = 1.0 at small peeling angles for both the slid-
ing and the sticking cases, e.g., 0 = 0°, 12°, are much larger
than that in the corresponding cases without pre-tension. All
the steady-state peel-off forces along the peeling length in the
pre-tension cases with small peeling angles are improved in
contrast to those in the corresponding cases without pre-
tension. However, the initial peel-off forces at x/L = 1.0 at
relatively large peeling angles for both the sliding and the
sticking cases, e.g., 0 > 30°, are much smaller than that in
the corresponding cases without the pre-tension. All the
steady-state peel-off forces along the peeling length in the
pre-tension cases with relatively large peeling angles are also
reduced in contrast to those in the corresponding cases with-
out pre-tension. All the results in Fig. 3 show that pre-
tension, even distributing non-uniformly in the nano-film,
always improves the adhesion force of the nano-film at a
small peeling angle, while reduces the adhesion force at a rel-
atively large one. In a word, pre-tension, no matter distribut-
ing uniformly or non-uniformly in the spatula-like nano-film,
helps geckos to achieve robust adhesion at a small peeling
angle and easy detachment at a relatively large one.

In addition, it is known that the adhesive system of
gecko consists of hundreds of thousands of setae and each
seta branches into hundreds of spatulae, which typically
belongs to be a hierarchical structure. It was experimentally
found that a single seta or seta array could detach from a sub-
strate at a critical angle with hardly any adhesion force.?
What is the reason? Inspired by this question, a hierarchical
model similar to that in Ref. 16 is established in the present
paper as shown in Fig. 4, which consists of two levels, i.e.,
seta and spatulae. Furthermore, the pre-tension in the first
level (spatula) is included in our model, whose effect will be
investigated on the adhesion of the two-level hierarchical
structure.

Without considering pre-tension, the effective adhesion
energy of the second-level of the hierarchical structure, i.e.,
a single seta, consists of the energy dissipated along the
interface and the elastic strain energy stored in the spatulae,
which can be expressed as'®

P’L
Ay, = ¢, (AV + 2Eh2>7 )

where ¢, is the area fraction of spatulae at the end of a seta,
Ay is the interfacial adhesion energy between a spatula and a
substrate, L is the shaft length of a spatula, and / the thickness

spatular shafts

N

spatular pads

FIG. 4. Schematic of a two-level hierarchical adhesive structure, which con-
sists of several spatulae (the first level) and a seta (the second-level).

Downloaded 11 Dec 2012 to 159.226.199.8. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



163702-4 Z.Pengand S. Chen

of a spatula. Here, one should be noted that P in Eq. (7)

denotes the peeling force exerted at the end of each spatula.
With pre-tension in the first level (spatula), the effective

adhesion energy of the second-level (seta) can be rewritten as

L
Ay, = ¢ A?"'W(PZ_P%) ; (®)
where P is the pre-tension in each spatula. From Eq. (8),
one can see that the pre-tension in the first level will show
obvious influence on the effective adhesion energy of the
second level. Equation (8) can be further expressed as a non-
dimensional form

Ay, EL |/ P\* [Py\*
SRl (=) - (22 :
Ay P\ Ty (Eh) (Eh ©)

The effective adhesion energy of the second level is
plotted as a function of the peeling angle with ¢, = 0.6,
EL/Ay = 1.6 x 10°, and different values of pre-tension in
Fig. 5, where the result without considering pre-tension is
also given for comparison. It is shown that, for a determined
pre-tension, the effective adhesion energy of the second level
is improved at small peeling angles, while it is reduced at
relatively large ones. As discussed in one of our previous
works,'® the adhesion force of a structure is almost linearly
proportional to the effective adhesion energy. Therefore,
pre-tension in the first level also improves the adhesion force
of the hierarchical structure at small peeling angles, while
reduces it at large ones as shown in Fig. 5.

Similar to the effect of pre-tension on the adhesion of a
spatula-like nano-film, a critical peeling angle 0., for the
second level of the hierarchical structure can also be
obtained by equating Eqgs. (7) and (8),

{\/ (1 — cosOct — Po/Eh)* — (Po/Eh)* +2Ay/Eh

2
— (1 —=cosl1 — Py/Eh)

2 2
— {\/(1 — cos@cr1)2 +2Ay/Eh—(1— cos@crl)] + (%)

(10)

increasing

decreasing P/ER=0

P/ER=0.003
\

Peeling angle 9(°)

FIG. 5. The effective adhesion energy of the two-level hierarchical adhesive
structure as a function of the peeling angle for cases with different pre-
tensions in the first level.

Appl. Phys. Lett. 101, 163702 (2012)

below or above which the pre-tension will increase or decrease
the adhesion force of the second level of the hierarchical struc-
ture, respectively.

From Fig. 5, one may note that the effective adhesion
energy of the second level will vanish at another critical peel-
ing angle when the pre-tension is large enough. Then, the
relationship Ay, = 0 leads to another critical peeling angle
0O.r» of the second level as a function of the pre-tension,

{\/ (1 — cosOcr — Po/ER)* — (Po/Eh)* + 2Ay/Eh

2
—(1 — cosber — Po/Eh)]
P 0 2 2A"/
- (Eh) EL’
which means a spontaneous detachment of the hierarchical
structure from the substrate at peeling angles that are larger
than 0., because of the vanishing effective adhesion energy.
Figure 6 gives the two critical angles 0.1 and 0., as a
function of the pre-tension (also the attachment and detach-
ment maps of a hierarchical structure), in which the material
parameters are adopted as those of a gecko’s seta. From
Fig. 6, one can infer that the effective adhesion energy of the
hierarchical structure vanishes at 6 = 30° when the non-
dimensional pre-tension Py/Eh equals about 0.008. This
result can effectively explain the experimental observation
that geckos’ setac always tend to detach at a peeling angle
approximately 30°, and no apparent adhesion force is
detected at this moment.?” That is to say geckos can generate
an appropriate pre-tension in their spatulae that leads to a
spontaneous detachment of the hierarchical adhesive system
at a critical peeling angle, which is very important for their
easy detachment from substrates when they prey on small
animals or escape from the predators.
For a three-level hierarchical structure, and even more

levels’ hierarchical one, a method similar to Ref. 20 can be
adopted to find the effective adhesion energy at each level,

Y

45 <
é;, 40 \. =4,
9 \ —e—0,
E 35 -T e
cg '] \ po}”‘?’)e
o 304 \ o Oy
o " \ Ty

C,
g k . “lry
5 251\ o, N\ u,
g b s, e &7
= \ €y, e 27
g 20 A .. é>1011 \.
E 11701‘6 S . ° 0\.
.S‘ 154 g, 7 -\.\.\ \o\.\.\.
o I .
10 - T . T T T T T
0.00 0.01 0.02 0.03 0.04

Pre-tension PO/Eh

FIG. 6. Two critical peeling angles of the two-level hierarchical adhesive
structure varying with the pre-tension. 0., denotes the critical angle, below
which the adhesion force of the second-level of the hierarchical structure
will be improved and above which the adhesion force will be reduced. 6,,, is
the critical angle, above which the two-level hierarchical adhesive structure
will detach from the substrate spontaneously.
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163702-5 Z.Pengand S. Chen

which will be very useful for the bottom-up design of a hier-
archical structure. Considering the pre-tension in the first-
level, the effective adhesion energy of the third level can be
written as

2
02)°L
Ay = o A +2L2), (12)

where ¢,, Ay,, Ly, and o, are the area fraction, the effective
adhesion energy, the fiber length, and the tensile stress in
fibers of the second level, respectively. o, = ¢,P/h and P is
the peeling force of the first level in Eq. (2), which is appli-
cable not only to the case with a uniform pre-tension P, but
also to the case with a non-uniform one Py (x).

For a higher-level hierarchical structure, an iterative
procedure can be used to find the effective adhesion energy
at each level. The effective adhesion energy of the nth level
of a hierarchical structure can be written as

(0',1,1 )2Ln71

e

A’V” = Pn—1 Aﬂl)nfl +

where 7, | = Pp—20n—2=@Pn 20 30n-3=Pp_2@,_3""" P02
=TI 9P /.

In conclusion, the effects of pre-tension on the adhesion
of a spatula-like nano-film and a hierarchical adhesive struc-
ture are investigated in the present paper. Two kinds of dis-
tributing forms of the pre-tension are considered: uniform
and non-uniform distributions. In the case with a uniformly
distributing pre-tension, a closed-form solution to a critical
peeling angle is given, below or above which the pre-tension
will increase or decrease the adhesion force in contrast to the
case without pre-tension. If the pre-tension in the nano-film
distributes non-uniformly, we found that the pre-tension,
even distributing non-uniformly, can significantly improve
the adhesion force at small peeling angles, while decrease it
at relatively large ones. The effect of pre-tension on the ad-
hesion feature of a hierarchical adhesive structure is further
studied. It is found that pre-tension in the first-level of a hier-
archical adhesive structure can enhance not only the adhe-
sion force of the second-level but also that of a higher-level
structure at small peeling angles, while decrease them at

Appl. Phys. Lett. 101, 163702 (2012)

relatively large ones. Furthermore, spontaneous detachment
of the hierarchical structure at a critical peeling angle will
happen if the pre-tension in the spatula-like nano-film is
large enough. It can be inferred that the pre-tension gener-
ated during the geckos’ climbing process is very important
to achieve robust attachment at small peeling angles and
easy detachment at relatively large ones. All the results in
the present paper should be useful for the understanding of
geckos’ reversible adhesive behaviors.

The work reported here was supported by NSFC through
Grant Nos. 10972220, #11125211, #11021262 and the 973
Nano-project (2012CB937500).
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