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The mechanics of wet adhesion between a water strider’s legs and a water surface was studied. First, we showed that
the nanoscale to microscale hierarchical surface structure on striders’ legs is crucial to the stable water-repellent
properties of the legs. The smallest structure is made for the sake of a stable Cassie state even under harsh environment
conditions, which sets an upper limit for the dimension of the smallest structure. The maximum stress and the maximum
deformation of the surface structures at the contact line are size-dependent because of the asymmetric surface tension,
which sets a lower limit for the dimension of the smallest structure. The surface hierarchy can largely reduce the adhesion
between the water and the legs by stabilizing the Cassie state, increasing the apparent contact angle, and reducing the
contact area and the length of the contact line. Second, the processes of the legs pressing on and detaching from thewater
surface were analyzed with a 2D model. We found that the superhydrophobicity of the legs’ surface is critically
important to reducing the detaching force and detaching energy. Finally, the dynamic process of the legs striking the
water surface, mimicking the maneuvering of water striders, was analyzed.We found that the large length of the legs not
only reduces the energy dissipation in the quasi-static pressing and pulling processes but also enhances the efficiency of
energy transfer from bioenergy to kinetic energy in the dynamic process during the maneuvering of the water striders.
The mechanical principles found in this study may provide useful guidelines for the design of superior water-repellent
surfaces and novel aquatic robots.

1. Introduction

Water striders (Gerris remigis) have remarkably long, nonwet-
ting legs that enable them to stand freely and move quickly on a
water surface without sinking. One unresolved mystery behind
this superior water-skating ability is how the legs remain neatly
dry and move effortlessly on the water surface. Biologists and
chemists have performed intensive studies on themorphology and
chemistry of this biological water-repellent surface and have
found that on the legs ofwater striders there are complicated hair-
like surfacemicrostructures (Figure 1).1,2 These surface structures
are hierarchically structured from the nanoscale to the macro-
scale. Although it is well accepted that these exquisite surface
structures make the legs of water striders very superhydrophobic
and water-repellent, few studies have been performed with regard
to exploring the underlying mechanisms of this surface design
through rigorousmechanical analyses. For example, superhydro-
phobicity has been thought to be a critical factor in striders’
getting support from a water surface through surface tension.1,3

However, our findings showed that it is not as critical as pre-
viously proposed for striders standing onwater. Instead, it ismore
crucial for the low adhesion properties of the legs during their
moving and maneuvering on a water surface. The roles of the
surface structures in the mechanics of wet adhesion have not yet
been fully understood.

There has been a recent resurgence of intense interest in bio-
logical wet adhesion. This is partially due to the promise of

practical applications arising from research and partially due to
the fact that the application of recent advances in nano- and
biotechnologies has produced a quantum leap forward in under-
standing these inspiring properties of biological systems.4-7 In
contrast to dry adhesion via van der Waals (vdW) forces, wet
adhesion uses capillary force via a liquid bridge between the
biological surfaces and the substrate, which has been widely
adopted by many insects and animals including beetles, flies,
spiders, geckos/lizards, and tree frogs.5,8,9 All of these insects and
animals have powerful attachment systems covered by fine sur-
face structures, such as setae or hair. The roles of the surface
structures, including their size, geometry, and hierarchy, have
recently attracted intense interest.8,10-14

In contrast to strongly adhesive biological surfaces, the surfaces
on the legs of a water strider (Gerris remigis) are designed to
reduce wet adhesion. Their low adhesion property gives the pond
skater the ability to walk on a water surface without getting wet.
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Leaves of many plants (e.g., sacred lotus leaves) have developed
the ability to repel water using similar surface design strategies
(Figure 1). The mechanisms of the superhydrophobic and water-
repellent properties of these biological surfaces have been inten-
sively studied from the point of view of surface chemistry and
physics.15-21These studies weremainly focused on the roles of the
surface structures and the hierarchy in the stability of the wetting
states and the Cassie state toWenzel state transition, but the roles
of the surface structures and their hierarchy in the mechanics of
wet adhesion as well as their adhesion reduction and energy
dissipationmechanisms are still illusive. In this study,we intend to
address these problems by performing a rigorous mechanical
analysis to reveal themechanical principles behindnature’s design
of the surface structures in order to provide guidelines for practi-
cal applications.

The contents of this article are organized as follows. In section 2,
the roles of the smallest surface structure in wet adhesion will be
studied by answering the following questions: What parameters
determine the size of the smallest surface structure? Can we give
the lower and upper limits of the size? In addition, we point it out
that in the design of superhydrophobic surfaces not only the
surface chemistry and physics but also the mechanics of materials
is crucial to reliable superhydrophobic and water-repellent prop-
erties. In section 3, the roles of the hierarchy of surface structure in
wet adhesion will be addressed from different aspects by asking
the following questions: Why are the biological surfaces always
hierarchically structured? Can we rigorously determine the num-
ber of levels of the surface hierarchy? In sections 4 and 5, the static

and dynamic problems of interaction between the strider’s leg and
the water surface will be analyzed, respectively. The effect of the
apparent contact angle and the geometry of the strider’s legs on
the adhesion force and energy dissipation during themovement of
the water strider will be discussed. A discussion and the conclu-
sions will be presented in section 6.

2. Dimension of the Smallest Surface Structure for the
Low Adhesive State

The connection between surface roughness and wetting states
was first worked out by Cassie and Baxter22 and Wenzel.23

Experimental and theoretical studies showed that the Cassie state
is more reasonable for the lotus effect because of its relatively
small contact area and low adhesion with water. Moreover, the
experiments16 found that the Cassie state is metastable and can be
transferred to the Wenzel state under pressure at a critical value.
Those studies indicated that in order to have a stable Cassie
wetting state the surface structure should be carefully designed to
resist the transition under external force. Su et al.20 derived an
analytical solution of the critical pressure by using a sinusoidal
surface model fromwhich they obtained an upper limit to the size
of the smallest surface structure for a stable Cassie state. How-
ever, questions of if there is a lower limit to the size of the smallest
structure and which mechanisms will determine the lower limit
have not yet been addressed.

In this study, we consider pillarlike surface structures with a
square cross section to model the hair structure of a strider’s leg.
The pillars are arranged in a square lattice manner. To simplify
the analysis and focus on the main physics of the problem, we
assume that the hair surface structures are perpendicular to the
water surface although the experimental measurement showed
that the hairs are arranged on the strider legs with an inclined

Figure 1. Hierarchical surface structuresofbiologicalwater-repellent surfaces. (a)Awater strider (Gerris remigis) standingonawater surface
with its long legs. (b) Lotus leaves (Nelumbo nucifera) on which water droplets are freely moving. (c) The two-level hierarchical structure of a
water strider’s leg1 exhibits microsetae (bar= 20 μm)with fine nanoscale grooves (see inset; bar= 200 nm). (d) The hierarchical structure of
lotus leaves49,50 consists of epidermal cells on themicroscale (papillae; bar=20μm)anda superimposed layer of hydrophobicwax crystals on
the nanoscale (see inset; bar = 1 μm).26
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angle of about 20�.1 The size of the edge of the cross section is b,
the distance between the adjacent pillars is c, and the height of the
pillars is l (Figure 2). This kind of geometry and surface structure
pattern is widely adopted in the experimental studies and in the
biomimicking approaches.24 Compared with the sinusoidal sur-
face structure, it can be easily fabricated and themain parameters
of the geometry and pattern can bewell controlled (e.g., the aspect
ratio and the area fraction of pillars). In contrast, the contact area
changes with the applied pressure for the sinusoidal protrusion.20

In this section, the upper limit to the size of the pillar structure will
first be given by considering the stability of the Cassie state, and
then the lower limit of the size will be derived by considering the
strength and deformation of the pillars.
2.1. Upper Limit of the Size of the Smallest Structure.

Considering a water droplet resting on a hydrophobic periodic
pillarlike surface structure (Figure 2), we can derive the normal-
ized critical pressure for its Cassie-to-Wenzel transition as21

Pc ¼ -
4
ffiffiffiffi
fs

p
1- fs

cos θ0 ð1Þ

wherePc=Pcλ/γLA,Pc is the critical pressure, λ=bþ c, and fs=
b2/λ2 is the area fraction. θ0 is the contact angle of the solid
material obeying Young’s equation, cos θ0 = (γSA - γLS)/γLA,
where γSA, γLS, and γLA are the solid-air, solid-liquid, and
liquid-air surface energies, respectively.

Therefore, for a specific area fraction fs of the pillar structures,
there is a scaling law for the critical pressure according to above
derivations as

Pc ¼ PcγLA
λ

ð2Þ

Note that the critical pressure is inversely proportional to the
dimension of the pillar when the chemistry (contact angle θ0) and
the geometry (area fraction fs) of the surface structures are defined
(i.e., the smaller the pillar, the higher the critical pressure for the
Cassie-to-Wenzel transition and therefore the more stable the
Cassie state, as shown inFigure 3). This property suggests that the
reduction of the size of surface structures can critically increase
the critical pressure for the state transition, which consequently
stabilizes the low-adhesion Cassie state of the surfaces.

For natural surfaces with low adhesion, such as lotus leaves
and the skin of striders’ legs, the severest loading condition is the
impact pressure froma raindrop,which canbe as high as 0.1MPa.
Given that the area fraction is fs= 0.25 and the contact angle of a
wax crystal is θ0 = 106�, the critical nondimensional pressure is
calculated from eq 1 as Pc = 0.735. (Previous studies1,15,25,26

showed that the contact angle of wax coated onto biological
surfaces is about 105-109�. In this study, we chose θ0 = 106�.
According to the experimental measurement in which the appar-
ent contact angle of a water strider’s leg is about 163-172�,1 we
estimated the area fraction in each surface level to be about fs =
0.25 by assuming self-similar double-level surface structures.)
According to eq 2, we obtain

1λcr ¼
PcγLA
Pc

ð3Þ

For the severest loading condition of Pc = 0.1 MPa, the upper
limit of the size of the structure is calculated to be 1λcr = 537 nm
(γLA = 0.073J/m2) (i.e., to maintain a stable Cassie state under
the impact pressure of a rain drop, the structure size λ must be
smaller than 1λcr).

Figure 2. (a) Theoretical model of a water droplet in contact with N-level pillarlike surface structures arranged in a self-similar manner.
(b) Illustration of the geometry of the cross section and the arrangement of the pillarlike surface structures in a square lattice manner.

Figure 3. Illustration of the dependence of the critical penetrating
pressure on the size of the pillars.
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2.2. Lower Limit of the Size of the Smallest Structure.
The preceding analyses showed that the smaller the dimension of
the surface structure, the more stable the Cassie state. But is there
any lower limit to the size of the surface structure? This question
should be addressed by considering the strength and deformation
of surface structures. Existing experiments showed that the sur-
face tension (or capillary force) can cause bending deformation
and clustering of the surface structures on solid surfaces. For
example, Liu et al.27 reported that the aligned carbon nanotubes
can form patterns on solid surfaces via clustering under capillary
force. Neukirch et al.28 showed theoretically and experimentally
that a slender rod can buckle when subjected to a surface tension
force. Yu et al.25 analyzed the effect of the surface tension on the
elastic stability of the surface structures. Therefore, besides the
chemical properties, the mechanical strength and stability of
surface structures should also play important roles in a stable
superhydrophobic surface.29

Considering a static drop resting on the surface structures, the
pillars at the edge of the contact area undergo a binding
deformation by an asymmetrical loading of surface tension
(Figure 4a), as depicted by Figure 4b. The bending deformation
may also cause the asymmetry of the surface tension at their
neighboring pillars. However, this asymmetry will be less severe
compared to that of the pillars of the edge. In this study, we
focused on the most severe condition at the edge. The maximum
stress occurring at the root of the pillar at the edge is given by

σmax ¼ M

I

b

2
þ T

b2
ð4Þ

whereM= λγLAl(1þ cos θ), T= λγLA sin θ, and I= b4/12 are
the maximum bending moment, axis force, and moment of
inertia, respectively. The normalized maximum stress is

σmax ¼ σmax

E
¼ γLA

λfsE
ð6Fð1þ cos θÞþ sin θÞ ð5Þ

where F= l/b is the aspect ratio, E is Young’s modulus, and θ
is the apparent contact angle. Note that the maximum stress in
the pillar is size-dependent. The smaller the dimension of the
pillar, the higher the maximum stress. When the material
strength of the pillar σhc is given, there is a critical size for the

failure of the pillar:

2λcr ¼ γLA
σc fsE

ð6Fð1þ cos θÞþ sin θÞ ð6Þ

According to previous studies, the strength of materials on the
nanoscale can approach their theoretical strength, which is about
1/10 of their Young’s modulus,30-33 which should also be appli-
cable to the wax crystal on the surface of strider’s leg, where we
have σhc =

1/10. Given that fs = 0.25, γLA = 0.073 N/m, F = 4,
θ = 163�, and E = 80 MPa,21 the critical size is 2λcr = 54.2 nm
(Figure 5).

For a reliable surface geometry of the stable Cassie state,
the deformation of pillars should be properly controlled (e.g.,
they should not be in contact with neighboring pillars). Using
Timoshenko beam theory, we get the maximum displacement of
the beam as described below

ωmax ¼ γLAFffiffiffiffi
fs

p 4F2

E
þ 1

kG

 !
ð1þ cos θÞ ð7Þ

where G= E/[2(1 þ ν)] is the shearing modulus, ν is the Poisson
ratio, and κ is the shearing coefficient. The maximum displace-
ment does not depend on the pillar size. To measure the
deformation of the pillar with respect to the distance between
pillars, we define a normalized displacement as

ωmax ¼ ωmax

c
¼ 1

λ

γLAFffiffiffiffi
fs

p ð1- ffiffiffiffi
fs

p Þ
4F2

E
þ 1

kG

 !
ð1þ cos θÞ ð8Þ

We can see that the maximum normalized displacement is
inversely proportional to the size of the pillar (Figure 5b). There
is a critical scale at which the adjacent pillars will be in contact
with each other (ωhmax = 1):

3λcr ¼ γLAF
ωc

ffiffiffiffi
fs

p ð1- ffiffiffiffi
fs

p Þ
4F2

E
þ 1

kG

 !
ð1þ cos θÞ ð9Þ

Figure 4. (a) Water droplet resting on the surface with pillarlike
structures (b) Pillars at the edge of the contact area contain asym-
metric surface tension.

Figure 5. Illustration of the size dependence of the maximum
stress and maximum deformation of the pillar at the edge of the
contact area.
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By choosing fs = 0.25, γLA = 0.073 N/m, F= 4, θ= 163�, E=
80MPa, and ν= 0.3, we obtain 3λcr = 47.3 nm. Equation 8 also
shows that increasing the area fraction can reduce the bending
displacement of the pillar, which is helpful for the stability of the
surface structures.

The lower limit of the size of the pillar is given by the larger of
the two limits, 2λcr and

3λcr. In summary, by combining eqs 3, 6,
and 9, the optimumsize of the smallest surface structure should be
in the range ofmax(2λcr,

3λcr)< λ<1λcr. In nature, the dimension
of the smallest structure of the biological surfaces is about 200 nm,
which falls into the range that we predicted.

It should be pointed out that the application of Young’s
equation to the nanoscale may approximate our predictions. de
Gennes34 suggested a criterion, rc , rm , Rd, for the application
of Young’s equation, where rc is the core size of contact line (in
practical applications, rc < 10 nm), rm is the measured distance
from the core, and Rd is the radius of curvature of the droplet. In
this study, the radius of the droplet is on the order of 1 mm, and
the smallest structures of a strider’s leg are normally several
hundred nanometers. We expect that the criterion rc , rm , rd
should be approximately satisfied. In addition, the geometry of
the contact line can influence the direction of the tension force. In
this study, we chose the most severe condition in which the contact
line is parallel to one side of the square cross section of the pillar. If
the contact line is not parallel to any side of the pillar, then we can
project the tension force onto twodirections that are parallel to two
sides of the pillar, respectively, and do two separate analyses on the
bending of the pillar in these two directions and then superposition
the stress and displacement of the two analyses to get the final
results. The results of the complex analyses should give a similar
physical picture to the severe condition that we analyzed.

3. Effect of Structural Hierarchy on Water-Repellent
Properties

In this section, we will show that the structural hierarchy plays
important roles in helping reduce the adhesion between biological
surfaces and water with respect to the following four aspects:
increasing the apparent contact angle, enlarging the energy
difference between the Cassie state and theWenzel state, reducing
the real contact area, and reducing the total length of the triple-
phase contact line. Here we assume that the surface structures in
the hierarchy are self-similar for the simplification of the deriva-
tion and the mathematical elegance of the results.
3.1. Structural Hierarchy Enlarges the Apparent Con-

tact Angle. A high contact angle is crucial to the superhydro-
phobic and water-repellent properties of biological surfaces, as
we will show in the following sections. According to the Cassie-
Baxter equation, the apparent contact angle of a single-level
structure is θ = arccos(fs cos θ0 þ fs - 1). By generalizing it to
higher levels of the hierarchical structure (Figure 2), we have the
recurrence relation of

θn ¼ arccosðfn cos θn- 1 þ fn - 1Þ ð10Þ
The subscript n denotes the level of the surface structure. By
substituting the expression for θn- 1 into that for θn recursively
(n=1,...,N), we can obtain the explicit expression of the apparent
contact angle of the Nth level as

θN ¼ arccos
YN
n¼ 1

fn cos θ0 þ
YN
n¼ 1

fn - 1

 !
ð11Þ

By substituting fn = f into the above equation, the apparent
contact angle of the Nth level is simplified to

θN ¼ arccosðf N cos θ0 þ f
N
- 1Þ ð12Þ

Equation 12 shows that the increase in the number of levels of the
hierarchy can effectively increase the apparent contact angle as
shown in Figure 6a. For instance, whereas the single-level
structure induces a contact angle of 145�, the double-level
structure increases the angle to 163�. We will also show that the
higher apparent contact angle produces smaller adhesion.
3.2. Structural Hierarchy Enlarges the Energy Differ-

ence between the Cassie State and the Wenzel State. To
maintain a stable low-adhesion Cassie state, the structure should
be designed tomaximize the energy difference between the Cassie
state and the Wenzel state. The Helmholtz energy (the total
interface energy) of the Cassie state of the first-level structure
can be derived according to the definitions and principles given in
refs 15, 20, 21, and 35

γCB ¼ γLAð- cos θ0 fs þð1- fsÞÞ ð13aÞ

and similarly, that of the Wenzel state is

γW ¼ - γLA cos θ0ð1þ 4FfsÞ ð13bÞ

Figure 6. Effect of the structural hierarchy on the superhydropho-
bic and water-repellent properties of the surface. (a) Effect of the
number of hierarchical levels on the contact area and the apparent
contact angle. (b) Effect of the number of hierarchical levels on the
energydifferencebetween theCassie state and theWenzel state and
the length of the contact triple line.

(34) Degennes, P. G. Rev. Mod. Phys. 1985, 57, 827–863.
(35) Johnson, R. E.; Dettre, R. H. In Contact Angle, Wettability, and Adhesion;

Gould, R. F., Ed.; American Chemical Society: Washington, DC, 1964; pp 112-135.
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The normalized energy difference per unit area between the two
states is

Δγ ¼ γW - γCB

γLA
¼ ðð1- 4FÞcos θ0 þ 1Þfs - ð1þ cos θ0Þ ð14Þ

Equations 13a and 13b can be generalized to the higher-level
structure as

γCBnþ 1 ¼ γCBn fnþ 1 þ γLAð1- fnþ 1Þ ð15aÞ
γWnþ 1 ¼ ð1þ 4Fnþ 1 fnþ 1ÞγWn ð15bÞ

Thenwe can derive the total Helmholtz energy of the surface with
N-level hierarchy for the two states as

γCBN ¼ γCB0
YN
n¼ 1

fn þ γLAð1-
YN
n¼ 1

fnÞ ð16aÞ

γWN ¼ γW0
YN
n¼ 1

ð1þ 4FnfnÞ ð16bÞ

where γ0
W = γ0

CB = γLS - γSA = -γLA cos θ0 are the surface
energy differences between the solid-liquid and the solid-vapor.
The normalized total energy difference between the two states of
the surface with N levels of hierarchy can be obtained from

Δγ N ¼ γWN - γCBN
γLA

¼ cos θ0
YN
n¼ 1

fn -
YN
n¼ 1

ð1þ 4FnfnÞ
 !

- 1-
YN
n¼ 1

fn

 !
ð17Þ

Because Fn= Fh and fn= f , the normalized total energy difference
is rewritten as

Δγ N ¼ cos θ0ðf N - ð1þ 4Ff ÞNÞ- ð1- f
NÞ ð18Þ

We can see that the increase in the number of hierarchical levels
can enlarge the energy difference between the two states
(Figure 6b) and therefore stabilize the Cassie state. For instance,
the energy difference for the double-level structure is about 10
times larger than that for the single-level structure.
3.3. Structural Hierarchy Reduces the Real Contact

Area. The total real contact area fraction is obtained by multi-
plying the area fraction of all levels together as

SN ¼ f1f2 3 3 3 fN ¼
YN
n¼ 1

fn ð19Þ

where fn is the area fraction of the nth level. Because we assumed
that the surface structures of all levels are self-similar (i.e., fn= f ),
we have

SN ¼ f
N ð20Þ

Therefore, increasing the number of levels of hierarchy can largely
reduce the real contact area and hence the wet adhesion
(Figure 6a). For example, given f = 0.25, the double-level
structures can reduce the real contact area to S2 = 6.25% of
the apparent contact area.
3.4. Structural Hierarchy Reduces the Length of the

Contact Line. Recent studies showed that not only the contact
area but also the triple-phase contact line plays an important role

in the adhesion properties of the surface.36-42 The smaller the
triple-phase contact line, the lower the adhesion. For the conven-
ience of discussion, we define a normalized contact line length as
the length of the contact line per unit area. For a single-level
structure, the normalized contact line length is derived asL=4b/
λ2=4(fs)

1/2/λ . It can be generalized to themultiple-level structure
as follows. For the first-level surface structure, we have

L1 ¼ 4
ffiffiffiffi
f1

p
λ1

ð21Þ

According to the definition of the normalized contact line length,
we have the recursive relation as

Ln ¼ Ln- 1fn ð22Þ
By substituting the expression for Ln - 1 into that for Ln, we can
obtain

LN ¼ 4

λ1
ffiffiffiffi
f1

p YN
n¼ 1

fn ð23Þ

After substituting fn = f into eq 23, we have

LN ¼ 4

λ1
f
ð2N- 1Þ=2 ð24Þ

We can see that the length of the contact line can be significantly
reduced by increasing the number of levels in the hierarchy,
therefore reducing the adhesion (Figure 6b). For example, the
length of the contact triple line of the double-level structure is only
a quarter of that of the single-level structure.
3.5. Limit to the Number of Hierarchical Levels. The

preceding analyses showed that the structural hierarchy has great
advantages in reducing the wet adhesion from many aspects.
However, can a surface have asmany structural levels as possible?

After generalizing eq 1 to higher-level structures, the normal-
ized critical pressure of the nth-level structure is written as

Pc, n ¼ -
4
ffiffiffiffi
fn

p
1- fn

cos θn- 1 ð25Þ

The corresponding critical size is

λcr, n ¼ Pc, nγLA
Pc, n

ð26Þ

where Pc,1 = 0.1MPa, n>1, and Pc,n=146 Pa. By substituting
fn = f into eqs 25 and 26, the size of the nth-level structure is
obtained as

λcr, n ¼ -
γLA
Pc, n

4

ffiffiffi
f

q
1- f

ðf n- 1
cos θ0 þ f

n- 1
- 1Þ ð27Þ

Figure 7 depicts the relationship between the critical size and the
structural level.We can see thatwhen the structural level is low the
critical size increases rapidly with increasing structural level, but
the increasing trend becomes much slower at higher structural
levels. For example, from the first level to the second level, the
structural size increases by 2 orders of magnitude. However, the
size of the third level is only slightly larger than that of the second
level for almost the same order of magnitude. This result might

(36) Anantharaju, N.; Panchagnula, M. V.; Vedantam, S.; Neti, S.; Tatic-Lucic,
S. Langmuir 2007, 23, 11673–11676.
(37) Chen, W.; Fadeev, A. Y.; Hsieh, M. C.; Oner, D.; Youngblood, J.;

McCarthy, T. J. Langmuir 1999, 15, 3395–3399.

(38) Gao, L. C.; McCarthy, T. J. Langmuir 2007, 23, 3762–3765.
(39) Oner, D.; McCarthy, T. J. Langmuir 2000, 16, 7777–7782.
(40) Pease, D. C. J. Phys. Chem. 1945, 49, 107–110.
(41) Yeh, K. Y.; Chen, L. J.; Chang, J. Y. Langmuir 2008, 24, 245–251.
(42) Youngblood, J. P.; McCarthy, T. J. Macromolecules 1999, 32, 6800–6806.
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suggest the reason that biological water-repellent surfaces nor-
mally have only two levels of structural hierarchy. It does not
make sense for the water-repellent properties of the surface to
introduce the third level with a size that is close to that of the
second level.

4. Pressing and Detaching Process of a Water Strider’s
Leg on a Water Surface

Experimental measurements showed that a single leg of a water
strider can provide a supporting force that is as high as about 15
times the total body weight of the insect,1 and the corresponding
volume of water rejected by the leg is 300 times its volume.
Previous studies indicated that this large supporting force was
attributed to the superhydrophobic properties of each leg’s
surface.1,3,43,44 However, our rigorous analysis shows that the
superhydrophobicity is not as important to the supporting force
as originally proposed. The real roles of superhydrophobicity are
yet to be understood.
4.1. Models and Solutions. When a water strider stands on

thewater, the surfacewill be bent by the leg because of the strider’s
bodyweight. The supporting force can be obtained by calculating
the volume ofwater that the leg repulses. Because the length of the
leg is much longer than the dimension of its cross section, the
problem can be described by a 2D model as shown in Figure 8a.
The leg’s surface meets the water’s surface with a contact angle of
θ, where θ > π/2.1 The expression for the curved water surface
can be determined by using the model shown in Figure 8b, as
given by the ordinary differential equation

dX

dS
¼ cos j

dZ

dS
¼ sin j

dj
dS

¼ 1

k
Z

8>>>>><
>>>>>:

ð28Þ

where k = γLA/FLg = lc
2 is a constant and γLA, FL, g, and lc are

the surface tension, the density of the liquid, the acceleration of
gravity, and the capillary length, respectively.

Considering the boundary conditions (Figure 8b)

jðX ¼ 0Þ ¼ j0

jðZ ¼ 0Þ ¼ 0

(
ð29Þ

we obtain

XðjÞ ¼
ffiffiffi
k

p
ln

tanðj0=4Þ
tanðj=4Þ þ 2 cos

j0

2
- cos

j
2

� � !
ð30Þ

and

Z ¼ - 2
ffiffiffi
k

p
sin

j
2

� �
ð31Þ

The depth D(j0) of the curve is the negative value of Z(j0):

Dðj0Þ ¼ 2
ffiffiffi
k

p
sin

j0

2

� �
ð32Þ

Then the pressing depth h(j0) is

hðj0Þ ¼ Dðj0ÞþR cos θrðj0ÞþR ð33Þ
where θr(j0)= θ-j0 is the angle between the horizontal line and
the tangent line at the triple-phase contact line. The supporting
force (i.e., the weight of the water repulsed) is calculated as

f ðj0Þ ¼ 2FLg
πR2

2
þS1ðj0ÞþDðj0ÞR sin θrðj0Þ-S0ðj0Þ

 !

ð34Þ
and

S0ðj0Þ ¼ 1

2
R2θrðj0Þ-

1

4
R2 sinð2θrðj0ÞÞ

S1ðj0Þ ¼ k sin j0

8><
>: ð35Þ

The relationship between the supporting force and the pressing
depth is shown inFigure 9. In the initial state before contact (state
0), there is a distance between the leg and the water surface.When
the legmeets thewater surface at h=0, the water abruptly climbs
up along the surface of the leg, and in this state (state 1), the
supporting force is negative as an attractive force (capillary force).

Figure 7. Critical size of the surface structure of different hier-
archical levels. The increasing trend in the size of the surface
structures drops rapidly after the third level.

Figure 8. Theoreticalmodel of thewater strider’s leg pressingonto
and pulling away from the water surface. (a) Illustration of the leg
pressing and bending the water surface. (b) Illustration of the
model used toderive theexpression forD. (c) Schematic illustration
of the bentwater surfacesmeeting eachother fromboth sides of the
leg. (d) Illustration of the leg pulling away from the water surface.

(43) Liu, J.-L.; Feng, X.-Q.; Wang, G.-F. Phys. Rev. E 2007, 76, 066103.
(44) Penner, A. R. Am. J. Phys. 2000, 68, 549–551.
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By increasing the pressingdepth to a certain value at point B (state
2), the supporting force becomes zero (i.e., f(jB) = 0). Further
increasing the depth will make the supporting force positive
before reaching a maximum value at point D (state 4), where
f 0(jD) = 0. After point D, however, the supporting force de-
creaseswith the increase in the depth like the softeningbehavior of
material failure. Finally, the bent water surfaces meet at point E
(state 5, sinking point) from both sides of the leg, enveloping the
leg in the water (Figures 8c and 9). For a given force (e.g., the
weight of the water strider) at point C (state 3), f(jC)< f(jD), the
leg can stand on thewater surfacewithout sinking.When the leg is
pulled up (e.g., during the movement of water strider), the state
will resume along curve CA from state 3 to state 1. However, the
leg cannot detach from the water surface in this state because of
the capillary adhesion force (Figure 8d). The legmust be pulled up
further to resist the adhesion force to a certain point F (state 6), at
which the liquid bridge between the leg and water surface breaks.

The value of jE (π/2 < jE < π) at the sinking point can be
determined by the criterion of the two surfacesmeeting from both
sides of the leg (Figure 8c) as

X1 ¼ X2 ð36aÞ
where

X1 ¼ ffiffiffi
k

p
ln

tanðπ=8Þ
tanðjE=4Þ
� �

þ 2 cos
π

4
- cos

jE

2

� �" #

X2 ¼ R sinðθ-jEÞ

8>>><
>>>:

ð36bÞ

The value of jF can be determined by the detaching condition at
which the contact area between the leg and water becomes a point
in Figure 8d as

jF ¼ θ-π ð37Þ
We found that Vella et al.45 derived a similar form of eq 34

independently using a different approach. However, they applied
eq 34 only in analyzing the pressing process, without proving that

eq 34 can be applied to the pulling process. Here we proved that
eq 34 is also applicable to the pulling process and extended it to
the study of the adhesion process of a strider’s leg with water.

For the convenience of discussion, we denote the force f at
positions C and D as the given force f(jC) and the pierce force
f(jD), respectively, and the detaching force as min(f(j0)), where
j0 ∈ [jF, jA], as shown in Figure 9. The energy dissipated in the
pressing process can be calculated from

udsp ¼
Z hC

hB

f ðj0Þ dh ðj0Þ ¼
Z jC

jB

f ðj0Þ
dhðj0Þ
dj0

dj0 ð38Þ

which is the area enveloped between the force curve and h axis
from B to C. The detaching energy is given by

udetaching ¼
Z hF

hB

f ðj0Þ dh ðj0Þ ¼
Z jF

jB

f ðj0Þ
dhðj0Þ
dj0

dj0 ð39Þ

which is the area between the curve and h axis from B to F.
Equations 38 and 39 will be used to study the effect of the
apparent contact angle and leg length on energy dissipation.
4.2. Effects of Superhydrophobicity. The force-depth

curves at different apparent contact angles θ are illustrated in
Figure 10a. We found that although the increase in the contact
angle is helpful for increasing the pressing depth and the pierce
force, the effect is not as significant as proposed in previous
studies1,3,43,44 when the contact angle is in the range of 100-175�.
That is, the superhydrophobicity is not necessarily important for
the water strider to achieve a high supporting force on the water
surface. The underlying mechanism is that the convex (circular)
shape of the cross section of the leg can help to achieve a high
pierce force at a relatively small contact angle by enhancing the
unwettability of the leg’s surface.12,13 Figure 10a also shows that
the energy consumption does not change significantly with the
contact angle.

However, when considering the pulling process, we find that
the contact angle can significantly affect the detaching force f(jF)
and the detaching energy udetaching when the apparent contact
angle varies over the range of 100-175� as shown in Figure 10a,b.
For example, the detaching energies for θ = 100, 120, 140, and
175� are approximately equal to the areas of ΔOGH, ΔOEF,
ΔOCD, and ΔOAB, respectively, as shown in Figure 10a. The
detaching energy and detaching force can be largely reducedwhen
the contact angle θ is >150� (Figure 10a,b). This might be the
actual underlyingmechanism for the surfaces of water strider legs
being superhydrophobic. Note that the pressing force is denoted
as a positive value whereas the pulling force is denoted as a
negative value. We chose the radius of a water spider’s leg, R =
0.05 mm, to be a typical size in our calculation.2

4.3. Effects of the Length of a Water Strider’s Legs. The
water strider has legs as long as its main body (Figure 1a). What
are the roles of the large length of its leg?Given a supporting force
per unit length of the leg, f, we have the total supporting force as

F ¼ fL ð40Þ
At the critical condition of the maximum supporting force, f =
fcrit, we have

Fcrit ¼ fcritL ð41Þ

Therefore, the maximum supporting force can be enhanced by
lengthening the leg (Figure 11a), consisting with recent
experiments.46,47 Then we consider the dissipation energy during
the pressing process.Given the pressing force exerted by thewater
strider, a longer leg needs a smaller pressing depth as shown in

Figure 9. Evolution of the pressing or pulling force per unit length
of the leg during the processes of pressing onto and detaching from
the water surface. Several characteristic states have been denoted,
such as the zero distance point (A), the zero force point (B), the
given force point (C), the pierce force point (D), the sinking point
(E), and the detaching point (F). The right bottom panel is a
magnification of the local region at a small pressing depth as
indicated by the dashed line.

(45) Vella, D.; Lee, D. G.; Kim, H. Y. Langmuir 2006, 22, 5979–5981.
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Figure 11a, remarkably reducing the dissipation energy. The
relationships of the pierce force and the dissipation energy with
the leg length are shown in Figure 11b. Therefore, a long leg can
increase the pierce force and at the same time reduce the dissipa-
tion energy.

We find that at a relatively small pressing depth the force-
depth relationship is approximately a linear function (Figure 11a)

f � k1h ð42Þ
where k1 is the spring coefficient of the unit length of the leg.
Equation 42 can be derived by linearization of eq 34 as follows.
Because the radius of the strider’s leg R is much smaller than the
capillary length lc, terms havingR in eqs 33 and 34 are negligible,
which results in

h� j0

� � ¼ 2
ffiffiffi
k

p
sin

j0

2

� �
ð43Þ

and

f �ðj0Þ ¼ 2kFLg sin j0 ð44Þ

then

f �ðj0Þ ¼ 2
ffiffiffi
k

p
FLg cos

j0

2

� �
h�ðj0Þ ð45Þ

We found that when |h|e 1mm, 0.98e cos(j0/2)e 1. Therefore,
the pressing force has an approximately linear relationship with
the pressing depth. We define

k1 ¼ 2
ffiffiffi
k

p
FLg ð46Þ

The dissipation energy can be approximately estimated by

Udsp �
Z hC

hB

F dh � L

Z hC

hB

k1h dh � Fgiven
2

2k1L
ð47Þ

where hB ≈ 0 and hC ≈ Fgiven/(k1L). Equation 47 is a linear
approximation of eq 38. Note that the dissipation energy is
inversely proportional to the leg length.

In this study, we used the static contact angle instead of the
dynamic contact angles (the advancing and receding contact
angles) to discuss the pressing and pulling processes. For a
superhydrophobic surface with hierarchical surface structures,
the dynamic contact angles are close to the static contact angle
and the differences among them are within 5�.16,37,48 Therefore,
the contact angle hysteresis and contact line friction should be so
small (i.e.,Δθ<5�) that the effect of contact angle hysteresis and
contact line friction on the energetics can be negligible.

5. Dynamic Process of a Strider’s Leg Striking the
Water

In section 4, we analyzed the quasi-static processes of strider leg
pressing on and detaching from a water surface. However, striders
are actually very dynamic during maneuvering. The efficiency of
energy transfer from the bioenergy of striders to the kinetic energy
of their movement should be crucial to their survival preying
activities. How the bioenergy of striders transfers to the dynamic
energy has not yet been understood. In this section, the dynamic
process of a strider’s leg striking thewater’s surfacewill be analyzed,
which should aidourunderstandingof the role of the long leg length
of striders in the dynamic process of their maneuvering.

Weuse a simplemodel of amass and spring systemwith double
degrees of freedom to analyze the process of the leg striking and
springing away from the water surface as shown in Figure 12 to
discuss the energy consumption during this process. Here, M1

denotes the effective mass of the water disturbed by a water
strider’s stroke, M2 denotes the mass of the water strider, K1

denotes the effective spring stiffness of the supportingwater under
the water strider, and K2 denotes the spring stiffness of the
strider’s leg as shown in Figure 12a. The governing equations
are given as

M1 0
0 M2

" #
::
x1ðtÞ::
x2ðtÞ

� �
þ K1 þK2 -K2

-K2 K2

" #
x1ðtÞ
x2ðtÞ

� �
¼ 0

0

� �

ð48Þ

where x1(t) and x2(t) are the displacements of massesM1 andM2,
respectively. Here, we assume that the water strider’s leg initially
makes a prestroke pose with a displacement of the center of mass

Figure 10. (a) Illustrationof the pressing force andpulling force vs
the depth h at different apparent contact angles. The variation of
energy dissipation during the pressing process and the detaching
energy are also depicted. (b) Illustration of the effect of the
apparent contact angle on the detaching force (a negative value)
and the detaching energy.

(46) Wu, C. W.; Kong, X. Q.; Wu, D. Phys. Rev. E 2007, 76, 017301.
(47) Kong, X. Q. Ph.D Thesis, Dalian University of Technology, Dalian City,

China, 2010.

(48) Gao, L. C.; McCarthy, T. J. Langmuir 2006, 22, 2966–2967.
(49) Barthlott, W.; Neinhuis, C. Planta 1997, 202, 1–8.
(50) Neinhuis, C.; Barthlott, W. Ann. Bot. 1997, 79, 667–677.
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of the water strider δ. The strider makes the stroke at time t= 0,
the displacement of the center of mass of water is zero, and the
initial velocities of the centers of mass of the water and the water
strider are both zero, as shown inFigure 12b.Therefore, the initial
condition is written as

x1ð0Þ
x2ð0Þ

� �
¼ 0

- δ

� �
, _x1ð0Þ

_x2ð0Þ
� �

¼ 0
0

� �
ð49Þ

For the convenience of discussion, the variables and parameters
are normalized as K1 = K1/K2,M1 =M1/M2, K2 = 1,M2 = 1,
ωh1

2 = ω1
2M2/K2, t = (K2/M2)

1/2t, and x= x/δ. The solution of
the dimensionless displacement is

x1ðtÞ
x2ðtÞ

� �
¼ -

1

r1 - r2

1
r1

� �
cosðω1tÞþ

1

r1 - r2

1
r2

� �
cosðω2tÞ

ð50Þ
where

ω1
2 ¼ 1

2M1

½ð1þM1 þK1Þ-
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þM1þ K1Þ2 - 4M1K1

q
�

ð51aÞ

ω2
2 ¼ 1

2M1

½ð1þM1 þK1Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þM1 þ K1Þ2 - 4M1K1

q
� ð51bÞ

r1 ¼ 1

2
½ð1þK1 -M1Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ M1þK1Þ2 - 4M1K1

q
� ð52aÞ

r2 ¼ 1

2
½ð1þK1 -M1Þ-

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þM1 þ K1Þ2 - 4M1K1

q
� ð52bÞ

The difference in displacement between the water and the water
strider, Δx(t) = x2(t)-x1(t), is used to depict their relative
positions. For example, Δx(t) e 0 means that water is deformed
by |Δx(t)| under the pressing force of the water strider’s leg, and
Δx(t) > 0 means that the water strider has detached from the
water. Here, we neglect the adhesion between the leg and the
water surface in this dynamic analysis because the adhesion force
between the leg and the water is very small because of the
superhydrophobic properties of the leg’s surface according to
our preceding analyses. From eq 50, we have

ΔxðtÞ ¼ 1

r1 - r2
½-ðr1 þ 1Þ cosðω1tÞþ ðr2 - 1Þ cosðω2tÞ� ð53Þ

Figure 11. (a) Illustration of the pressing force at different water strider leg lengths. The variation of the energy dissipation and the detaching
energy was also depicted. (b) Effect of the leg length on the pierce force and energy dissipation during the pressing process.
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Now we calculate how much the bioenergy of the water strider
can be transferred to the kinetic energyof its bodymovement. The
bioenergy (i.e., the energy stored before the stroke by the
prestroke pose) is given by E0 =

1/2K2δ
2 and the kinetic energy

for the maneuver of the water strider is E = 1/2M2 _x2(t)
2. The

normalized kinetic energy, E = E/E0, will be a measure of the
efficiency of the energy transfer from the bioenergy to the kinetic
energy, which is given by

E ¼ 1

ðr1 - r2Þ2
½r1ω1 sinðω1tÞ- r2ω2 sinðω2tÞ�2 ð54Þ

We plot the normalized displacements and kinetic energy for
different spring coefficients, K = 1, K1 = 10, and K1 = 100, in
Figure 13. The dashed lines denote the displacement of massM1,
and the solid lines denote the displacement of massM2. When the
value of the solid line becomes larger than the value of the dashed
line for the first time, the leg detaches from the water surface as
shown in Figure 13a,b. The normalized kinetic energy E of mass
M2 is illustrated in Figure 13c. We can see that the larger the
spring coefficient K1, the higher the efficiency of bioenergy
transferring to kinetic energy.

According to eqs 40 and 42, we can derive the spring coefficient
of the leg as

K1 ¼ k1L ð55Þ
According to Figure 13, the large leg length can enhance the
transfer of energy from bioenergy to kinetic energy (i.e., reducing
energy dissipation).

We can see that the length of the leg plays important roles in
reducing energy dissipation not only in the quasi-static pressing
and detaching processes but also in the dynamic process of energy
transfer from bioenergy to kinetic energy for the movement of
water striders.

6. Conclusions

From the point of view of the mechanics of adhesion, the
effect of the hierarchical surface structures on the low adhesion

and water-repellent properties of water striders’ legs was
studied. We found that the several hundred-nanometer scale
of the smallest surface structure is critical to the stable super-
hydrophobic state, which sets an upper limit for the dimension
of the smallest structure. Moreover, we showed that the maxi-
mum stress and the maximum deformation of the smallest
structure induced by the asymmetric surface tension are size-
dependent. Given the mechanical strength of the surface
structures and the noncontacting criterion between the surface
structures, these size dependencies set the lower limit for the
dimension of the smallest surface structures. Furthermore,
we showed that the structural hierarchy plays important roles
in reducing the adhesion between biological surfaces and water
through several ways, including stabilizing the low adhesion
state, increasing the apparent contact angle, and reducing the
contact area and the length of the contact line.

The effects of superhydrophobicity and the length of striders’
legs on energy dissipation were then analyzed. We obtained
analytical solutions to the deformation of the water surface, the
pierce force, the detaching force, and energy dissipation. We
found that the superhydrophobicity does not have a significant
effect on themaximumpressing depth or the pierce force. Instead,
it can significantly reduce the detaching force and energy dissipa-
tion. These properties of low adhesion and low energy dissipation

Figure 12. Analysis of the dynamic process of the leg striking and
springing away from thewater surface using amass-spring system
of double degrees of freedom. (a) The free state. (b) The water
strider’s leg making a prestroke pose with a mass-center displace-
ment of δ and releasing at time t = 0. (c) The leg springing away
from the water surface.

Figure 13. Normalized displacements, the displacement differ-
ence, and the normalized kinetic energy for different spring coeffi-
cients,K =1,K1= 10, andK1= 100. (a) The dashed lines denote
the displacement of mass M1, and the solid lines denote the
displacement of mass M2. (b) When the value of the solid
line becomes larger than that of the dashed line for the first time,
Δx(t)>0, the leg detaches from thewater surface. (c)Normalized
kinetic energy of mass M2.
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are crucial to the maneuvering of water striders on water. We
also found that the length of the legs plays a crucial role. For
example, increasing the leg length can effectively increase the
pierce force and simultaneously reduce energy dissipation dur-
ing the quasi-static pressing and detaching processes. Increasing
the leg length can also increase the efficiency of the energy

transfer from bioenergy to kinetic energy during the movement
of water striders.
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