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Recent experiments have shown that gecko adhesion underwater depends significantly on surface wett-
ability. Theoretical models of a gecko seta adhering on different substrates are firstly established in
order to disclose such an adhesion mechanism. The results show that the capillary force induced by
nano-bubbles between gecko seta and the substrate is the mainly influencing factor. The capillary force
exhibits an attractive feature between gecko setae and hydrophobic surfaces underwater. However,
it is extremely weak or even repulsive on hydrophilic surfaces underwater. A self-similarly splitting

Keywords: model is further considered to simulate multiple gecko setae on substrates underwater. It is interesting
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Adhesion to find that the total capillary force depends significantly on the number of nano-bubble bridges and
Surface wettability wettability of substrates. The total force is attractive and increases monotonically with the increase of
Nano-bubble the splitting number on hydrophobic substrates underwater. However, it decreases drastically or even

becomes repulsive on hydrophilic substrates underwater. The present result can not only give a reason-
able explanation on the existing experimental observations but also be helpful for the design of novel

Capillary force

biomimetic adhesives.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Geckos’ amazing adhesion ability had stirred significantly sci-
entific research interests, which could be traced back to the
4th century B.C. [1]. However, until recent decades, extraordi-
nary progresses have been made in understanding how geckos
could climb on and detach from almost any surface at will [2-8].
Micro-structures of gecko adhesion system were observed and
the fundamental adhesion principle was disclosed experimentally
[2,8].1t has been well known that one gecko toe has a lot of lamella
structures consisting of thousands of setae and each seta further
branches into hundreds of spatulae with nano-scales (5-10 nm
in thickness, 200 nm in length and width), typically belonging to
a hierarchical structure. Such an adhesion system ensures gecko
to obtain strong adhesive force on almost any surface, whether
hydrophilic or hydrophobic, rough or smooth [1,2,8].

Experimental and theoretical studies on gecko adhesion mech-
anisms have been carried out extensively during the past decades,
most of which mainly focus on the van der Waals adhesion mecha-
nism on dry solid surfaces [5,8-11]. However, there are more than
1400 species of geckos in the world and different species possess
different natural habitats and living conditions [12]. Geckos in
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tropical rainforests may usually encounter or live on wet surfaces.
For example, arboreal geckos like to inhabit on hydrophobic plant
surfaces more than other substrates in wet environments [13]. But
the van der Waals force is known to decrease drastically in water
due to the small Hamaker constant. How do such geckos achieve
strong adhesion in wet environments?

Only few literatures have studied the wet adhesion mechanism
of geckos so far [14-20]. Huber et al. [14], Sun et al. [16] and
Pesika et al. [19] have experimentally proved that capillary force
also plays a significant role in gecko adhesion besides the van der
Waals force and the adhesive force increases with the increase of
relative humidity. However, geckos cannot adhere on hydrophilic
glass surfaces once sprayed with water [16,17]. Theoretical analysis
of why the relative humidity and sprayed water yield two different
effects on gecko adhesion has been investigated in one of our pre-
vious works [15]. The disjoining pressure induced by the interlayer
water film was found to enhance gecko adhesion. With the increase
of relative humidity, water droplets will form and be wrapped by
the thin-film-like spatula [21], leading to a drastic decrease of the
adhesive force [15].

Recently, systematic experiments of gecko adhesion on differ-
ent substrates under different conditions have been carried out by
Stark et al. [17,18]. It is found that the dry adhesion strength of
geckos is extremely strong on both hydrophilic and hydrophobic
substrates. When the substrates are submerged in water, gecko
adhesion is hardly affected by the aqueous environment, remaining
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Fig. 1. The interference fringes (left) measured by spectrometer and the deduced
interface configuration (right) for two interacting mica surfaces coated with LB
(Langmuir-Blodgett) films of hydrocarbon surfactant (a) and fluorocarbon surfac-
tant (b), where the discontinuity in the fringes (left) indicates the vapor-water
interface and gaseous meniscus bridging the two contacting surfaces (right).

Source: Taken from H.K. Christenson and P.M. Claesson, Science, 239(1988),380-392
[30].

strong adhesion on hydrophobic substrate surfaces, but drastically
decreases on hydrophilic ones. Furthermore, it is well known that
geckos cannot adhere well on dry polytetrafluoroethylene (PTFE)
surfaces due to the extremely small surface energy, which is not
true anymore underwater. The adhesive force on a PTFE surface
underwater is vastly improved in contrast to the dry case [18,22].
All the phenomena suggest that surface wettability may play a sig-
nificant role in gecko adhesion underwater.

In fact, the interaction between two hydrophobic surfaces
in aqueous environments fascinated many researchers in the
last decades due to the strong and inconceivably long-ranged
(20-300 nm) attraction [23]. Many possible mechanisms have been
proposed, including entropic effects, electrostatic effects, corre-
lated charge fluctuation and nanoscale bubble bridging [24,25].
Most of experiments have shown that cavitations or nano-bubbles
can spontaneously form on hydrophobic surfaces as soon as they
are brought into water [26-32]. A surprising finding is that nano-
bubbles on surfaces are closely packed with a coverage even
close to 100%, depending on the chemistry and roughness of sur-
faces [26,28]. When one hydrophobic surface approaches the other
hydrophobic one underwater, they found a strong long-ranged
hydrophobic attraction between the two approaching hydropho-
bic surfaces, which is verified experimentally that the source of
the hydrophobic force is due to the coalescence of nano-bubble
bridges between them [26-31] as shown in Fig. 1. Due to the super-
hydrophobicity of gecko’s toes [33,34], it is reasonable to infer that
nano-bubbles can form on gecko’s foot and contribute to gecko
adhesion underwater.

Though many experimental investigations have shown the
effects of nano-bubble bridges on the long-ranged adhesive force
between two hydrophobic surfaces underwater, theoretical studies
on such an adhesion mechanism are still lacking [35,36]. Fur-
thermore, what is the possible mechanism of gecko adhesion on
substrates underwater? What are the main factors that influence
gecko adhesion on wet surfaces? Both questions are unclear and
will be answered theoretically in the present paper.

2. A theoretical model of wet adhesion for geckos

2.1. Geometries of gaseous menisci induced by interfacial
nano-bubbles

Nano-bubbles can spontaneously form on solid hydrophobic
surfaces underwater [26,28-32] and images measured by AFM
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Fig. 2. Schematic of a gecko seta described by a cylindrical fibril with a hemi-
spherical tip in contact with a substrate underwater. A nano-bubble meniscus
spontaneously forms at the interface. Ris the radius of the fibril and D the separation;
@ is the filling angle and ¢ the angle between the normal direction of the meniscus
and y axis. #; and 6, are contact angles of the fibril and substrate, respectively.

exhibit that the radius of nano-bubbles usually has an order of mag-
nitude 100 nm, which could coalesce to form a larger gaseous bridge
between surfaces [28,30,37]. Fig. 2 shows a gecko seta adhering on
a solid surface underwater with a nano-bubble meniscus bridg-
ing them. Since the capillary interaction feature between a fiber
and a flat substrate does not depend significantly on the fiber’s tip
shape (flat, cylinder, sphere, etc.) [38-40], gecko seta is modeled
as a cylindrical fibril with a hemispherical tip in the present paper
for simplicity and without loss of generality [3,4,11,20]. R is the
radius of the fibril as well as that of the hemispherical tip. D is the
distance between the hemispherical tip and the substrate. ¢ is the
filling angle of the nano-bubble on the hemispherical tip. The con-
tact angle of water on the fibril is #; and that on the substrate surface
is 6. One should note that the present model with a gaseous menis-
cusisvery similar to the real experimental observations [31,32] and
theoretical models with a liquid bridge [20,38,41-44].

The ordinary differential equation describing the profile of the
gaseous meniscus can be derived from the Young-Laplace equation
as [41-43]

dx

I = cos ¢, (1a)

dy .

Is = sing, (1b)
_d¢  sing

K = E“r x (]C)

where x and y are coordinates of the axisymmetric meniscus. ¢ is
an angle between the normal direction of the meniscus and y axis
as shown in Fig. 2. s and « are the arc length and mean curvature of
the nano-bubble profile, respectively.

Boundary conditions of the profile function can be written as

X1 = Rsin ¢,

¢ =0,

¥1=D+R(1 —cosp), ¢=180°+¢ -6, @)
2

y2=0,

Egs. (1) and (2) form a boundary-value problem. It is easy to
obtain the profiles of nano-bubble menisci between the fiber and
substrates with the help of numerical calculation, which is shown in
Fig. 3 for cases of different contact angles and nano-bubble volumes.
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Fig. 3. Geometries of nano-bubble menisci between the fibril and substrate at zero separation with different contact angles and filling angles ¢. (a) 61 =6, =140°; (b)

01=62=50% (c) 01 =140°, 0, =50°.
2.2. The adhesive force between a gecko seta and a wet substrate

The total adhesive force F between a gecko seta and a wet sub-
strate consists of the nano-bubble capillary force F. and the van der
Waals force Fy,

F=F.+Fy (3)

Using the determined geometries of the gaseous menisci (Fig. 3),
we can determine the capillary force F. induced by nano-bubbles.
The magnitude of the capillary force depends not only on the sur-
face tension of the gaseous meniscus y but also on the pressure
difference AP inside and outside the meniscus. Since the effect of
gravity is usually neglected, AP is a constant within the meniscus
and AP = ky [38]. Then we have

Fe = nRysing [2 sin(f; — ¢) — kR sin (p] (4)

The volume of the nano-bubble bridge can be formulated by the
following integral,

Y2
V=/ 7x% dx — Vs (5)

1

where V; is the volume of the hemisphere immersed in the gaseous
bubble,

Vs = Z(R— R cos ¢) [3(R sin ©)? + R(1 — cos 90)2] , D>0

Sl

T

3. Results and discussion
3.1. Effect of the contact angle

The wettability of solid surface is usually described by a con-
tact angle. For gecko seta, the contact angle was found to be about
61 = 128° [14], which denotes a hydrophobic characteristic. In fact,
the water contact angle on a smooth seta surface (or beta keratin)
is about 93°, the “rough” surface of setae (consists of hundreds of
spatulae) can greatly increase the apparent contact angle [33]. The
effect of the surface wettability on the nano-bubble bridging cap-
illary force between a gecko seta and different substrates is given
in Fig. 4, where the distance between the gecko seta and substrates
vanishes and different nano-bubble volumes are considered. Con-
tribution of the van der Waals force is also given for comparison
with the adhesion energy Ay = 0.01 — O.OSJ/m2 [11]. Fig. 4 shows
that the surface wettability influences the nano-bubble bridging
capillary force significantly. In the case of hydrophobic substrates
underwater, the gaseous capillary force is strongly attractive and
increases with the increase of surface hydrophobicity. Furthermore,
the attractive nano-bubble capillary force may be much stronger
than the van der Waals force in the case of super-hydrophobic
substrates, which shows a dominating gaseous capillary force
in gecko adhesion underwater. This finding suggests a possibly

(6)

Vs = =(R—R cos ¢ + D) {3R? sin® ¢ + 3 [R* - (R+D)*| + (R—Rcos¢+ D)}, D <0

6

The van der Waals force F; between a gecko seta and a sub-
strate can be obtained from the classical contact mechanics, which
describes essentially the interaction between two solid surfaces.
Two alternative contact models are usually adopted, one is the
Johnson-Kendall-Roberts (JKR) model for compliant solids with
large radii [45] and the other is the Derjaguin—-Muller-Toporov
(DMT) one for stiff solids with relatively small radii [46]. Since the
Young’s modulus of gecko setae is relatively high (about 2 GPa)
and the scale is relatively small, we adopt the DMT model to
describe the dry interaction F; between the gecko seta and the
substrate,

Fy =2nRAy (7)

where Ay is the adhesion energy of the contact interface [20].

strong adhesion for geckos on PTFE surfaces underwater, inde-
pendent on the weak surface energy of PTFE. Unlike the capillary
force of a liquid bridge [20,38], the nano-bubble capillary force
decreases with the increase of the surface hydrophilicity under a
determined nano-bubble volume, and even becomes repulsive in
the case of a seriously hydrophilic substrate. All the results are
well consistent with the experimental observations that geckos
have strong adhesive force on hydrophobic substrates underwa-
ter, but cannot adhere well on hydrophilic ones underwater, for
example, glass substrates [17,18]. The findings here also give pos-
sible explanations that why arboreal geckos like to inhabit on
hydrophobic plant surfaces more than other substrates in wet
environments [13].
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Fig.4. Effectof the contact angle 6, of substrate surface on the nano-bubble capillary
force with 6, =128°, D/R=0 and different nano-bubble volumes. The van der Waals
interaction is plotted for comparison.

3.2. Effect of the separation between a gecko seta and a substrate

In order to further understand some other influence factors of
the nano-bubble capillary force, we investigate the effect of the
separation between a fibril and a substrate on the gaseous cap-
illary force as shown in Fig. 5, where the contact angles and the
non-dimensional nano-bubble volume are taken as 6; = 6, = 130°
and V/R3 =0.05, respectively. It is found that when the separation
D < 0, which denotes a deformed spherical tip completely contac-
ting with a substrate under an external load, the gaseous capillary
force almost keeps a constant. While in the case of D > 0, the nano-
bubble capillary force decreases very quickly with the increase
of separation until the nano-bubble meniscus is broken. All the
results suggest a robust adhesion mechanism (D < 0) and easy
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Fig. 5. Variation of the nano-bubble capillary force as a function of the separa-
tion with determined contact angles 6; =6, =130° and fixed nano-bubble volume
V/R?=0.05.

detachment (D > 0) for geckos on a hydrophobic substrates under-
water. Therefore, geckos can move freely on a hydrophobic surface
without any danger of falling, which is consistent with the natural
phenomenon.

3.3. Effect of the nano-bubble volume

Although nano-bubbles can spontaneously form on hydropho-
bic surface as soon as a substrate is submerged in water, the
coverage and volume of nano-bubbles on solid surfaces signif-
icantly depend on the physical and chemical properties of the
surface, such as wettability, roughness and so on [26,28]. With the
help of Eqgs. (4) and (5), the dependence of the gaseous capillary
force on the volume of nano-bubbles is shown in Fig. 6(a)-(c) for
different separations and contact angles.
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Fig. 6. Nano-bubble capillary force as a function of the nano-bubble volume for different contact angles and separations. (a) for two hydrophobic surfaces 6 =6, =128°; (b)
for two hydrophilic surfaces 6 =6, =50°; (c) for a hydrophobic surface in contact with a hydrophilic one 6, =128°, 6, =52°.
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From Fig. 6(a), one can see that for a wet contact between two
hydrophobic surfaces, the gaseous capillary force as a function
of the nano-bubble volume varies for different contact distances.
When the distance is not larger than zero, i.e., D < 0, the gaseous
capillary force is always decreasing with the increase of nano-
bubble volumes. While for the case of D > 0, the gaseous capillary
force increases first and then decreases after attaining a maximum
at a critical nano-bubble volume. With a determined nano-bubble
volume, the capillary force is not sensitive to the separation for D <
0, but decreases seriously with the increase of separation for D > 0,
which is consistent with the results in Fig. 5. [t means a reversible
adhesion mechanism could be realized by geckos on a hydropho-
bic substrate underwater, i.e., strong adhesion (D < 0) and easy
detachment (D > 0).

Fig. 6(b) gives the gaseous capillary force as a function of the
nano-bubble volume between two hydrophilic surfaces with dif-
ferent separations. It is easy to find that the gaseous capillary
force is totally repulsive and the repulsive force increases with
the increase of nano-bubble volumes. An interesting phenomenon
is that the repulsive capillary force in the case of D =0 is larger
than those in the cases of D > 0 and D < 0. Similar phenomenon
can also be found in the model of a hydrophobic surface con-
tacting with a hydrophilic one as shown in Fig. 6(c). In fact, we
should note that nano-bubbles can hardly form on a hydrophilic
surface spontaneously, especially on a smooth hydrophilic one.
Several experiments by AFM have revealed that nano-bubbles on a
hydrophilic surface are hardly measured underwater [26,27,47,48].
But if roughness is introduced or solvent-water (i.e. alcohol)
exchange method is used in experiments, some nano-bubbles
may be formed on a hydrophilic surface [36,49]. Since gecko
seta is hydrophobic, nano-bubbles may spontaneously form on
it, resulting in gaseous meniscus forming between a gecko seta
and hydrophilic substrates underwater. Nevertheless, the repul-
sive force between a hydrophobic surface and a hydrophilic one
underwater suggests the weak adhesion for geckos on a hydrophilic
surface, consistent with the experimental observations [17,18]. In
addition, it should be noted here, in order to completely understand
the mechanical mechanism of capillary force induced by nano-
bubbles, we assume artificially nano-bubble bridges also forming
between two approaching hydrophilic surfaces in the present
paper, which may be not true in reality.

3.4. Effect of multiple nano-bubbles

As we know that gecko adhesion system is a typically multi-
ple fibrillar structure, possessing hundreds of thousands of setae,
depending on which geckos realize strong adhesion on substrates.
For a dry contact, Artz et al. [5] have successfully studied the effect
of multiple fibers on gecko adhesion by splitting one large fibril
into many finer fibrils. It was found that the splitting effect could
increase significantly the adhesive force in contrast to that of a
single large fiber. Chen and Soh [50] studied the adhesion mecha-
nism of a fibrillar structure contacting with an elastic substrate and
found that flaw-insensitive adhesion of a fibrillar structure could
be achieved by tuning the number and geometrical parameters of
fibers. What will be expected for wet adhesion of a multiple fibrillar
structure?

Similar to the dry contact model [5], a multiple fibrillar model
splitting from a large fiber in contact with a substrate underwater is
established with numerous nano-bubble bridges as schematically
shown in Fig. 7. The whole volume of gaseous bubbles is V and each
small nano-bubble has a volume V/N, where N is the number of
splitting finer fibers. Self-similar scaling law results in the radius of
each finer hemispherical tip r = R/+/N [5]. The total capillary force
of the fibrillar adhesion system is the sum of those induced by the
N small nano-bubbles.

Cylindrical fibril

warer: water

substrate

Splitting one large bubble into N small ones

/\Q

Cylindrical fibril

2R
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water: ese water:

A

£ bbb

substrate

Fig. 7. Schematic of a self-similarly splitting fibrillar structure in contact with a
substrate with numerous nano-bubble menisci at interface, in which the total nano-
bubble volume and separation between two surfaces keep constants.

Dependence of the total capillary force on the splitting num-
ber N is shown in Fig. 8(a)-(c), where the non-dimensionally total
nano-bubble volume is fixed to be V/R3 =0.001 and the separation
D/R=0. Fig. 8(a) gives the effect of splitting number on adhesion
between two hydrophobic surfaces underwater. From Fig. 8(a),
one can see that the total adhesive force increases monotoni-
cally with the increase of the splitting number. With a determined
number N, the total capillary force decreases with the decrease
of contact angles. Results of the case of two hydrophilic sur-
faces are shown in Fig. 8(b). Obviously, the total adhesive force
is repulsive and the splitting number can further improve the
repulsive effect. The total adhesive force of a super-hydrophobic
surface in contact with different substrates underwater is sys-
tematically given in Fig. 8(c), where the contact angle of the
super-hydrophobic surface is taken as #; = 150°. It is shown that
for a determined splitting number of fibers, the larger the contact
angle of the substrate, the larger the adhesive force is. Further-
more, the adhesive force changes from attractive to repulsive
when the wettability of substrates varies from hydrophobic to
hydrophilic.

Considering the gecko adhesion system, the anti-wetting prop-
erty of gecko setae as well as the hierarchical structure feature
attributes the super-hydrophobic characteristic to gecko foot
[33,34]. Thousands of nano-bubbles will spontaneously form on
gecko foot underwater. The multiple fibrillar adhesion structure
will increase gecko’s adhesive force significantly, even on some
intermediate hydrophilic substrates as shown in Fig. 8(c). There-
fore, the fibrillar structure of geckos can not only enhance the
adhesion on dry surfaces [5], but also significantly increase the
adhesive force on most of surfaces underwater.

Here, two aspects should be pointed out: (1) All the above
analyses of gecko adhesion are conducted with an assumption of
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Fig. 8. The total gaseous capillary force of a fibrillar system as a function of the splitting number N with a determined total nano-bubble volume V/R3 =0.001, separation D/R=0
and different contact angles. (a) for two hydrophobic surfaces; (b) for two hydrophilic surfaces; (c) for a super-hydrophobic surface (6; =150°) in contact with substrates of

different wettability.

initial contact between gecko seta and substrates underwater, and
the change of physical properties of gecko seta with the expo-
sure time to water is not considered [17-19]; (2) Only the normal
capillary force is considered in the present paper. Whether the
interface in the present model could resist shear is not involved.
Generally, two contacting surfaces with an interlayer of water
cannot resist shear under static loadings except that the thick-
ness of the liquid layer is extremely thin [43]. As for interfaces
with liquid or gaseous meniscus bridges, the water coverage is
generally smaller than 100%, which ensures some dry contact
areas. The ability to withstand shear at the interface depends on
the distance between the upper and lower contacting surfaces
[3,51,52].

3.5. The stability of nano-bubbles

One of the major issues of the present model is the sta-
bility of nano-bubbles underwater. Assuming the diffusion of
gas molecules dissolved away from a spherical gas bubble to
determine the shrinkage rate, Ljunggren and Eriksson [53] cal-
culated the lifetime of a free gas bubble in water as a function
of bubble radius by solving the diffusion equation together with
Young-Laplace one. It was found that gas bubbles with radii
10-100nm had surprisingly short lifetimes about 1-100 s. It
means that a free nano-bubble will instantly dissolve into the sur-
rounding water after formation. However, for a nano-bubble on
a solid surface, experimental measurements demonstrated that
it could remain for hours or even up to days after its forma-
tion [28,54]. Unlike free nano-bubbles underwater, substrate may
play a significant role in the lifetime of surface nano-bubbles,
which has been further verified theoretically [55]. The pinning
of three-phase contact lines on a substrate can significantly slow
down the shrinkage of a surface bubble and the inside gas will

dissolve with a much longer time than a free spherical bubble
underwater [55].

4. Conclusions

Inspired by recent experimental observations, the effect of sur-
face wettability on gecko adhesion underwater is theoretically
investigated in the present paper. It is shown that the attractive
gaseous capillary force could help geckos to attach strongly on
hydrophobic surfaces underwater, while the repulsive capillary
force will prevent gecko adhesion on hydrophilic ones underwa-
ter. The separation distance between two contacting solids as well
as the volume of nano-bubbles also shows significant influence
on the interfacial adhesion. Considering the multiple fibrillar fea-
ture of gecko adhesion system, a self-similarly splitting model with
numerous nano-bubble bridges at interface is further investigated.
It is demonstrated that the total capillary force increases mono-
tonically with the increase of the splitting number for cases of
hydrophobic surfaces. While it is extremely weak or even repulsive
for cases of hydrophilic surfaces and the splitting number in such a
case would further improve the repulsive capillary force. The sta-
bility of nano-bubbles underwater is also discussed. Unlike the free
nano-bubble, the surface nano-bubble is very stable due to the pin-
ning of three-phase contact lines. The present results can not only
give a reasonable explanation on the experimental observations,
but also be helpful for the design of multi-functional biomimetic
devices.
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