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Abstract Ants show a bionic application prospect due to their special climbing ability. However, different ant
species living in different environments exhibit different adhesion abilities. In order to reveal their mechanical
mechanisms, footpads of four representative ant species are investigated experimentally. Regular microstruc-
tures on the ventral side of ant footpads are clearly observed, which possess different shapes and sizes for
different ant species. The normal adhesion force for each kind of ant is further measured with a spinning tech-
nique, which is significantly affected by the microstructure on the ventral surface of ant footpads. Theoretical
models are established in order to disclose the mechanical mechanism, in which both the capillary force and
the van der Waals interaction are considered. It is found that the real contact area depends significantly on the
microstructures on the ventral side, which further affects the total adhesion force. The coexistence mechanism
of wet and dry adhesion for ant footpads is proposed. The finding in the present paper should be useful for deep
understanding of the adhesion mechanism of different ant species and helpful for the design of bio-inspired
intelligent adhesion surfaces.

1 Introduction

Many animals and insects in nature have reversible adhesion abilities on various surfaces in their living
environments. It is so interesting that different adhesion mechanisms have been studied experimentally and
theoretically for decades. According to the morphology of the adhesion surface, the adhesion system has
been categorized into hairy pads and smooth ones [1,2]. In the former, surfaces are covered with relatively
long deformable setae with thin-film tips of different shapes [3–5]. For example, for geckos and lizards, as
representatives of dry adhesion, van der Waals force is believed to be the leading actor [6]. For others, like
beetles and flies, as representatives of wet adhesion, the capillary force dominates their adhesion [7]. In the
latter, adhesion surface is covered with soft cuticle. Mysterious mucus secreted from glands provides adhesion
force, e.g., tree frogs and bush crickets [8,9].

However, even on a smooth adhesion surface, highly specialized substructures were further observed. For
example, the footpad of tree frogs is patterned with regular hexagonal microstructures of approximately 10-
µm-diameter epidermal cells separated by approximately 1-µm-wide channels. Each surface cell is further
covered with a similar but much finer microstructure of approximate 0.1- to 0.4-µm-diameter pegs [8]. The
adhesion pad of bush crickets is also divided by similar hexagonal micro-units of approximately 14.7µm2 area
[10]. The splitting mechanism of smooth adhesion surface has been thought of as a general design principle
in many biological adhesion systems, which has been proved to significantly enhance the adhesion force not
only for dry adhesion but also for capillary one [11–14].
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Ants, as typical bio-mimetic insects, have also receivedmuch attention. The final conclusion on ant footpads
is that each footpad consists of a pair of claws and an arolium located between them [15,16]. On rough surfaces,
the claw is used, while on smooth surfaces, the arolium that looks like a soft and foldable cuticular sac filled
with fluid works. A mysterious mucus can be secreted from the arolium when an ant attaches to a smooth
surface, which results in adhesion through capillary force. Do all ant species have the same adhesion ability?
The answer is negative. The adhesion ability varies significantly between different ant species living in different
environments. Federle et al. [17] found that arboreal ants have much better adhesion ability than those living on
the ground, and different ants show significantly different adaptability to some specific surfaces. For example,
only a few ant species are able to move on stems covered with epicuticular wax crystals. However, on smooth
Perspex, the superior ‘wax-runners’ perform significantly worse than closely related congeners that are unable
to climb on waxy stems [18]. What is the reason? All these indicate that not only the capillary force but also
the van der Waals force may be adopted by ants. Both the adhesion energy and the wettability of different
surfaces should influence the climbing ability of ants. Furthermore, is there any microstructure on the ventral
surface of ant arolium, similar to the substructures on tree frog pads? If it is true, how does the microstructure
on ant footpads affect their adhesion? All these are still open questions till now.

In this paper, we choose four representative ant species living in different environments to answer the above
questions. Not only the contact area of adhesion footpads but also the ventral surface of the arolium is observed
experimentally. The normal adhesion force of each kind of ants is measured, too. A simple theoretical model
considering the morphology of microstructures on the arolium is further established, in which not only the
capillary force but also the van derWaals interaction is involved. Both the theoretical analysis and experimental
measurement suggest that a coexistence mechanism of wet and dry adhesion may be achieved by ants and the
adhesion ability should be affected by the microstructures on ant footpads.

2 Experiment methodology

2.1 Specimen and experimental observation

Four kinds of ants are chosen in the present study. Arboreal ants, such as Oecophylla smaragdina and
Polyrhachis dives, can run on most surfaces. Camponotus japonicus and Diacamma rugosum live on the
ground and walk only slowly on an inclined smooth glass. The selected species possess similar sizes and
approximate 5–10mg in weights. All colonies are collected in south China and kept in laboratory nests, fed
with honey water, fruits and dead insects.

Unlike the adhesion pad of grasshoppers or some other insects, the arolium of Hymenoptera is a foldable
and soft cuticular sac, which is inflated in order to provide a contact surface when clinging on a substrate.
In order to observe the ventral surface of an unfolded arolium on ant footpads, the experimental setup is
shown in Fig. 1, where ants adhere upside down on a transparent glass. The real contact interface between the
ventral surface of the unfolded arolium and the glass is observed with an optical microscope (Olympus BX51)
equipped with reflected illumination. Images are captured with a CCD camera (COOLSNAP COLOR 3.3M).

After observing themicroscopic image,we freeze the antwith liquid nitrogen (−190 ◦C)when it is adhering
on a glass slip. Then, we can obtain an unfolded arolium, which helps us to observe the microstructure on its
ventral surface. We cut off one ant leg at an environmental temperature of −100 ◦C and coat it with gold in
vacuum. After this, the microstructure on the ventral surface of an unfolded arolium can be directly observed
with SIRION400NC field emission microscopy (FEI, Netherlands).

2.2 Force measurement

Similar to Federle et al. [18], we adopt a centrifuge technique to measure the normal adhesion force of ants
with a homemade instrument as shown in Fig. 2a. A schematic of the operating principle of the experimental
setup is shown in Fig. 2b. The tested ants are placed on the lateral surface of the vertically smooth Plexiglas
plate (PMMA) with a size of 12 cm × 15 cm as shown in Fig. 2b. It is driven by a rotor of radius 127mm.
The rotational velocity can be gradually accelerated from 0 to 2000 revs/min. The current velocity is measured
by detecting the colored stripes on the rotor axis with a laser sensor, which is displayed on a digital panel
attached outside the centrifuge. The whole procedure is also recorded by a digital camera. At a relative low
rotating speed, the tested ant can run around on the plate. It will reach a ‘freezing’ state when the velocity of
the centrifuge surpasses a threshold [15].
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Fig. 1 Schematic of the experiment setup in order to observe the ventral surface of ant footpads in situ with an optical microscope,
where the investigated ant is upside down on a transparent glass sheet

Fig. 2 Experiment setup in order to measure the normal adhesion force of a living ant. a The photograph of the experiment setup,
which adopts the centrifugal technique; b schematic of the operating principle for measuring the normal adhesion force of a living
ant, where ω is the angular velocity

The normal adhesion force of ants can be calculated as

F = m (r0 + d) ω2, (1)

where r0 is the distance between the central axis and the PMMA plate as shown in Fig. 2b; m is the body mass
of the tested ant and ω is the rotational speed at the moment of detachment. d is the distance between the mass
center of the tested ant and the plate surface, which is about 2mm.

Five active ants are selected for each species. The normal adhesion force is measured three times for each
ant. The time interval is at least 15min in order to ensure enough time for the ant to have a rest.

3 Experimental results

3.1 Morphology and microstructure of ant footpads

Comparison between the experimental observation [16] and that in the present one exhibits the same adhesive
organ with a soft arolium locating between two claws at the end of a tarsus for different ant species. However,
an interesting finding is that the ventral surface of ant arolia is not perfectly smooth but covered with finer
regular patterns. The microstructure is obviously different among different ant species as shown in Fig. 3.
Finely arranged hexagonal islands cover on the arolium surface of O. smaragdina, where each island with an
area of about 26±6µm2 is separated by approximate 0.2-µm-wide channels as shown in Fig. 3a. The arolium
surface of P. dives is divided into many separated conical-like microstructures as shown in Fig. 3b with an
approximate area 2.8 ± 0.9µm2 for each microstructure. A hair of about 0.2µm diameter and 1µm length
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Fig. 3 Morphologies of microstructure on the ventral side of different ant footpads. a O. smaragdina; b P. dives; c C. japonicus;
d D. rugosum

is observed on each microstructure also. On the cuticle of C. japonicus pads, no texture but separated tiny
pillars are found, and each pillar is about 2µm tall with a diameter about 1µm and an interval about 5µm
on average as shown in Fig. 3c. The arolium surfaces of D. rugosum are covered with closely and randomly
arranged wrinkle-like strips, each of which has an area about 18± 3µm2 and is divided by channels arranged
in the same direction.

The microstructure on the ventral surface of footpads contacts directly the natural substrate, which should
play a significant role in the adhesion behavior of the ant. Among the four kinds of ant species, the coverage
ratio of the microstructures on O. smaragdina footpads is the largest since almost all the surface of the O.
smaragdina arolium is coveredwithmicrostructures. The unfolded aroliumof all four kinds of ants is symmetric
with respect to its central axis, so that the contact area on a glass substrate looks like a B-shaped region under
the optical microscope as shown in Fig. 4. It is consistent well with the observation in Federle et al. [19].
The contact area is further measured, and the average contact area is about 24,900µm2 for O. smaragdina,
4300µm2 for P. dives, 3500µm2 for C. japonicus and 2200µm2 for D. rugosum.

3.2 Adhesion force and adhesion strength of ant footpads

The adhesion force for each kind of ant on a smooth PMMA surface is measured using a centrifuge technique.
It is found that arboreal ants generally have better adhesion ability than those living on the ground as shown in
Fig. 5a. In particular, O. smaragdina shows an outstanding performance on smooth surfaces, whose adhesion
force is about 70 times of their body weights.

The adhesion strength that is defined as the adhesion force per unit contact area is shown in Fig. 5b for the
four kinds of ants. The hexagonal microstructure of O. smaragdina is the most efficient surface for adhesion,
while the adhesion strength of C. japonicus with micro-pillars is only half of that of O. smaragdina. An in-
between adhesive strength is owned by P. dives, which has both hexagonal structures and micro-hairs with
high aspect ratio. Despite the weak adhesion force, D. rugosum has an adhesion strength almost similar to P.
dives.
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Fig. 4 Images of contact area of different ant aroliumlia, which is observed under a reflected illumination microscope. a O.
smaragdina; b P. dives; c C. japonicus; d D. rugosum

4 Theoretical model

In order to understand the above mechanical mechanism, a generally theoretical model is established based
on the experimental observation as shown in Fig. 6, in which a truncated conical indenter with a spherical tip
contacts a flat substrate. Not only the adhesion of a single asperity but also the splitting effect is considered.
Both the van der Waals interaction and the capillary one are included in the present analysis.

In this model, R is the radius of the cross section on the top of the cone, Rs is the radius of the sphere, α is
half of the cone angle, θ1 and θ2 are contact angles between the liquid and the solid surfaces, respectively. D is
the separation between the spherical tip and the substrate.φ is the filling angle. Parameters of themicrostructure
on the arolium for the four kinds of ant species are approximately taken as: (i) α = 0 and Rs → ∞ for the
flat island of O. smaragdina; (ii) α = π/3 and Rs/R = 2 for the conical asperity of P. dives; (iii) α = 0 and
Rs/R = 1 for the pillar of C. japonicus; (iv) α = 0 and Rs/R = 5 for the stripe island of D. rugosum. The
effect of liquid gravity is assumed to be negligible as well as the deformation of both the conical indenter and
substrate.

4.1 The capillary force

We first consider the effect of microstructure on the capillary force. The capillary force consists of two parts
[20]. One is due to the surface tension at the contact line and the other is induced by the pressure difference
inside and outside the meniscus. The total capillary force can be written as [20–22]

Fc = −πb2 · �p + 2πγ b cos θ, (2)

where θ is the angle between the axial direction and the tangential direction of the surface tension (positive
when anticlockwise) and b is the wetted radius on the tip as shown in Fig. 6. For convenience, the meniscus of
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Fig. 5 The adhesion behavior of different ant species measured experimentally. a For the adhesion force; b for the adhesion
strength

the liquid bridge is assumed to be a circular arc [20]. Then, the pressure difference is described by the Laplace
equation as

�p = γ

(
1

l
− 1

r

)
, (3)

where r and l are the two principal radii of curvatures.
The wetting configuration can be distinguished as three kinds of cases according to the liquid volume and

the separation distance D between the truncated conical tip and substrate as shown in Fig. 6a–c.
(a) If the volume of liquid is relatively small, only a part of the truncated conical tip is wetted as shown in

Fig. 6a. Then, we have b < R, θ = π/2 − θ1 − φ and

φ = arcsin
b

Rs
. (4)

The two principal radii of curvatures are

r = Rs (1 − cosφ) + D

cos θ2 + sin θ
, (5)

l = b + r (cos θ − 1) . (6)

The volume of the liquid bridge V is

V =
∫ h0

0
πG2 (z) · dz − Vs, (7)

where

G (x) = r + l −
√
r2 − (r cos θ2 − z)2, (8)
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Fig. 6 Theoretical models of a truncated conical indenter with a spherical tip in wet adhesion on a smooth substrate. a Liquid
only wets the spherical tip; b the liquid bridge is pinned at the joint of the spherical tip and the conical part; c liquid wets the
conical surface; d a splitting model with self-similarity scaling to simulate multiple microstructures on ant footpads

and the immersed volume Vs is

Vs = π

3
R3
s (1 − cosφ)2 (2 + cosφ) . (9)

(b) In the intermediate wetting configuration as shown in Fig. 6b, the contact line is precisely pinned at
the joint between the conical part and the spherical tip. Then, we have b = R and φ = φmax = arcsin(R/Rs).
The angle θ varies from π/2 − θ1 − φmax to α − θ1. Equations (5)–(9) are still valid for this case. However,
instead of the immersed radius b, the angle θ is a variable in this case.

(c) If the volume of liquid is relatively large, the contact line climbs on the conical part as shown in Fig. 6c.
Then, we have b > R and θ = α − θ1. The principal radius of curvature r is

r =
b−R
tan α

+ h + D

cos θ2 + sin θ
, (10)

where h is the height of the spherical cap,

h = Rs −
√
R2
s − R2. (11)

The volume of liquid bridge V can also be calculated by Eqs. (7) and (8) with an immersed volume

Vs = π

3tanα

(
b3 − R3) + πRsh

2 − π

3
h3. (12)

4.2 The van der Waals force

The capillary force cannot resist tangential sliding if viscous and dynamic effects are not considered. However,
it is demonstrated experimentally that the friction force of ants is even larger than the normal adhesion force
[19]. It is reasonable to assume that dry contact between ant footpads and substrates may occur. Therefore, in
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addition to the capillary force, the van derWaals force between the truncated conical indenter and the substrate
also contributes to ant adhesion. The dry interaction can be described by the commonly used Lennard-Jones
(L-J) potential,

w (r) = 4ε

[(σ

r

)12 −
(σ

r

)6]
, (13)

where ε is a parameter determining the depth of the potential well, σ is a length scale parameter that determines
the position of the minimum potential, r is the atom-to-atom distance [23,24]. The total interaction W (D)
between the truncated tip and the flat substrate can be obtained by integrals over the volume of the tip and the
semi-infinite substrate. Then, the corresponding interaction force can be achieved by the differential ofW (D).

Considering the filled liquid at the interface [25], the interaction potential should be integrated separately
over parts with different media in the gap. The corresponding Hamaker constants for the interlayer of vacuum
(or gas) and liquid are defined, respectively, as

Ag
H = 4π2ρ1ρ2εgσ

6
g , Al

H = 4π2ρ1ρ2εlσ
6
l , (14)

where ρ1, ρ2 are number densities of atoms of the two bodies, respectively; εg , σg , εl and σl are parameters in
L-J potential corresponding to vacuum (or gas) and liquid medium, respectively.

The van der Waals force between the two solids in the case (a) can be derived as

Fvdw (D)= Al
H

[
−1

6
· D−Rs

D2 + D6
l0

168
· D−7Rs

D8

]
+ Ag

H

[
1

6
· D + 2h−Rs

(D + h)2
− D6

g0

168
· D+8h−7Rs

(D + h)8

]

+ Al
H − Ag

H

6
· D + Rs − 2

√
R2
s − b2(

D + Rs − √
R2
s − b2

)2 − Al
H D6

l0 − Ag
H D6

g0

168
· D + Rs − 8

√
R2
s − b2(

D + Rs − √
R2
s − b2

)8

+ Ag
H tan α

24

[
4
2R − Rc

(D + h)2
− D6

g0
8R − Rc

7 (D + h)8

]
, (15)

where Rc = R − (D + h) tan α and the equilibrium distance between the two surfaces across gas or liquid
medium is

Dg0 =
(

2

15

) 1
6

σg, Dl0 =
(

2

15

) 1
6

σl . (16)

Equation (15) is also valid for the case (b) with b = R.
The van der Waals force in the case (c) is

Fvdw (D) = Al
H D6

l0

168

[
D − 7Rs

D8 − D + 8h − 7Rs

(D + h)8

]
− Al

H

6

[
D − Rs

D2 − D + 2h − Rs

(D + h)2

]

+ Al
H tan α

24

[
4
2R − Rc

(D + h)2
− D6

l0
8R − Rc

7 (D + h)8

]

+
(
Ag
H − Al

H

)
tan3 α

6
· 2b − Rc

(b − Rc)
2 −

(
Ag
H D6

g0 − Al
H D6

l0

)
tan9 α

6
· 8b − Rc

7 (b − Rc)
8 . (17)

The total interaction force between a single indenter tip and a flat surface can be obtained by summing the
capillary force Fc in Eq. (2) and the van der Waals force Fvdw in Eq. (15) or Eq. (17).

Considering the multiple microstructured surface on ant footpads, splitting mechanism can be modeled as
shown in Fig. 6d, where R0 denotes the radius of each small asperity. The area ratio η is defined as

η = n · πR2
0

πR2 , (18)

where n is the number of the small asperity.
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For each splitted asperity, the volume of liquid is

V0 = V

n
. (19)

It is assumed that no interaction or coalescence happens between asperities when the surface is pulled apart
[26]. The total adhesion force of such a multiple microstructured surface is

Ftotal = nF0 = n (Fc0 + Fvdw0), (20)

where Fc0 and Fvdw0 are the capillary force and van der Waals one for each asperity, respectively.
One should note that the equal load sharing assumption given by Artz et al. [27] is adopted in the present

model. Such an assumption is approximately proper only for cases of small adhesive area and normal pulling
load.

5 Comparison between the theoretical prediction and experimental result

All the parameters adopted in the theoretical analysis of the four kinds of ants are given in Table 1, which are
obtained from the microscopic images with an assumption of circular contact area of each asperity. The radii
R, R0 and area ratio η can be estimated from the corresponding measured areas A and A0 of the microscopic
images, such as R = √

A/π and R0 = √
A0/π . Being consistent with Federle et al. [15,19], we take both the

contact angles θ1 and θ2 as 15◦, the surface tension γ as 0.030N/m2 and the separated distance as D = 100 nm
with a non-dimensional liquid volume V/(ηR2D) = 5. Two Hamaker constants are Ag

H = 6.5× 10−20 J and
Al
H = 1×10−20 J [27]. The equilibrium distance between the micro-tip and substrate is Dg0 = Dl0 = 0.2 nm

[28]. Comparison between the theoretical prediction and the experimental measurement is shown in Fig. 7a
for the four kinds of ants, where both results agree with each other in the order of magnitude. The adhesion
force of O. smaragdina is much higher than that of the other three species, which is due to a relatively large
contact area and closely patterned microstructure.

For the micro-patterned ant footpad, the adhesion strength is defined as

σ = Ftotal
S

= nF0
πR2 = η

F0
πR2

0

= ησ0, (21)

where the adhesion strength is found to be proportional to the area ratio η and the adhesion strength of a single
asperity σ0.

Comparison between the adhesion strength predicted by the theoretical model and that measured experi-
mentally is shown inFig. 7b. The variation trend of adhesion strength predicted theoretically agrees qualitatively
with that in experiment, though a difference exists for the exact magnitude. Similar to the measurement, the
theoretical prediction shows that O. smaragdina possesses the highest adhesion strength among the four kinds
of ants, while C. japonicus has the smallest one. All these demonstrate the importance of the microstructure on
ant footpads, which should influence the adhesion significantly. Different shapes and scales of the microstruc-
ture will produce an obvious difference of adhesion force and strength. The deviation between experimental
and theoretical predictions may be resulted from several factors: (i) The microstructure on ant footpads is not
a regular shape, and the distribution of asperities considered in the theoretical model is not exactly the same
as the real one. (ii) Interfacial adhesion is assumed to be perfect in our theoretical model, which is not really
true in experiment. (iii) No elastic deformation is considered in our model though the arolium of ants is soft.
(iv) The detaching behavior of ant footpads may belong to a peel-off case, while the pull-off behavior is only

Table 1 Approximately geometrical parameters of microstructures on different ant footpads for the theoretical calculation of
adhesion force

Species α Rs/R A (µm2) R (µm) R0 (µm) η

O. smaragdina 0 10 24900 89 2.8 0.8
P. dives 60◦ 2 4300 37 0.9 0.3
C. japonicus 0 1 3500 33 0.5 0.1
D. rugosum 0 5 2200 26 2.4 0.8
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Fig. 7 Comparison of the adhesion force predicted theoretically and experimentally. a For the adhesion force of different ant
species; b for the adhesion strength of different ant species

considered in our theoretical model. Furthermore, the assumption of equal load sharing adopted in the splitting
model results in the proportional relation between the adhesion strength and the area ratio as shown in Eq.
(21), which may also lead to the deviation of the theoretical predication from the experimental data. A precise
peel-off model will be established in the future.

6 Discussion

The effect of several parameters on the interface adhesion is further analyzed. In the theoreticalmodel, the shape
of asperities ismainly characterized by two parameters: half of the cone angleα and the non-dimensional radius
of curvature of the truncated conical tip Rs/R. The van der Waals force and the capillary one as a function of
the separation distance of the indenter tip and the substrate are shown in Fig. 8a, b, where the volume of liquid
is assumed to be unchanged. It can be found that the van der Waals force is really a short-range interaction,
achieving the maximum at approximately 0.2nm, while the capillary force is a relatively long-range one,
extending to a distance of micrometers and significantly influenced by the conical angle at a relatively small
separation. The larger the conical angle, the higher the adhesive force is, from which the difference of the
adhesive force between P. dives and C. japonicus can be reasonably explained. Although the configurations of
the ended microstructures between P. dives and C. japonicus are very similar, the conical angle of P. dives is
larger than that of C. japonicus, which results in larger adhesive force. Comparing the van der Waals force and
the capillary force further demonstrates that both forces possess the same order of magnitude, which suggests
that the van der Waals force may be useful for intimate ant adhesion, especially on an inclined surface to resist
the shear sliding.

We further investigate the effect of liquid volume on the capillary force as shown in Fig. 9, where Rs/R = 4
and the separation D = 100nm. One can see that the liquid volume has a significant effect on the capillary
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Fig. 8 Adhesion force predicted theoretically as a function of the separation distance for cases with different cone angles but
determined parameters θ1 = θ2 = 15◦, γ = 0.030N/m2, R = 100µm, V/R3 = 0.01, n = 1000, η = 0.5. a The van der Waals
force; b the capillary force

Fig. 9 Effect of liquid volume on the capillary force with a given radius of curvature of spherical tip Rs/R = 4 and a fixed
separation D = 100nm but with different half of cone angles α

force. When the liquid volume is relatively small at a fixed distance between the tip and the substrate, only
part of the truncated conical tip is wetted. In this case, the capillary force increases with the increase in the
liquid volume and is insensitive to the cone angle α due to the same radius of curvature of the spherical tip.
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Fig. 10 Adhesion force predicted theoretically as a function of the separation distance for cases with different radii of curvature
but determined parameters θ1 = θ2 = 15◦, γ = 0.030N/m2, R = 100µm, V/R3 = 0.01, n = 1000, η = 0.5

After the contact line of the meniscus gets to the joint of the conical part and the spherical tip, the capillary
force starts to decrease sharply and then increases slightly with an increasing liquid volume. All the results are
well consistent with those given in Chen and Soh [20], Qian and Gao [21] and Su et al. [22].

The effect of radius of curvature Rs/R on the force–separation relationship is shown in Fig. 10 with
a determined cone angle α = π/6. Generally, the smaller the curvature of the asperity tip, the larger the
adhesion force is. It can be inferred that a cylindrical tip with a small curvature should be an optimized shape
for strong capillary force-dominated adhesion. The investigated O. smaragdina owns such a kind of footpad,
the microstructure of which looks like that on tree frog toe pads [29]. Liquids are secreted from such a footpad
to provide capillary force, while channels between patterned surfaces could increase the wetting or de-wetting
speed of the contact interface, ensuring the flexibility of the adhesion. Furthermore, liquid can be preserved
by channels on each step, so the consumption is reduced. Such a microstructured adhesion pad with channels
evolved in nature influences significantly the adhesion force, which may be also useful for the reversible
adhesion behavior for this kind of animals. How to realize the reversible adhesion related to capillary force
still needs further studies.
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