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This letter presents a study of the effect of surface superhydrophobicity on piercing force and

detaching force of water strider’s leg when it vertically contact with water surface. We showed that in

contrast to the parallel contact of the leg with water at which the piercing force is insensitive to the

contact angle which raised much debate on the functions of superhydrophobicity of water strider’s

leg, the piercing force of the vertical contact is, however, very sensitive to the contact angle, which

then suggests the surface superhydrophobicity is indeed crucial for water strider’s free and safe

activities on water surface. VC 2011 American Institute of Physics. [doi:10.1063/1.3673326]

Superhydrophobicity of surface of water strider’s leg has

recently been intensively studied1–5 with the aim of design of

artificial surfaces for, such as miniature aquatic devices and

non-wetting materials. Existing experimental4–7 and theoreti-

cal results8,9 showed that the nano- to micro-hierarchical

structures take crucial roles in the superhydrophobic and

water-repellent properties of the surface of water strider’s leg.

For example, the nanostructure ensures the stability of the

superhydrophobic state, and the hierarchical structure further

reduces the contact area and at the same time provides the

“robustness” of superhydrophobic state of the strider’s leg at

higher scales.8 However, there is still much debate on the real

functions of superhydrophobicity in the activities of water

strider on water surface, e.g., whether the superhydrophobic-

ity is necessary for enhancing the maximum supporting force

provided by the water surface on the strider’s leg.

Experimental measurements4 showed that a single leg of

water strider can provide a supporting force as high as about

15 times the total body weight of the insect, and the corre-

sponding volume of water ejected by the leg is 300 times of

its volume. And this large supporting force had been attrib-

uted to the superhydrophobicity of the legs’ surface.1,3–5

However, subsequent10–13 studies showed that the superhy-

drophobicity is not as important for the supporting force as

proposed. Vella11 showed with a 2D model that the changing

of the apparent contact angle from 100� to 167� has little

effect on the maximum supporting force. Our previous

results agree with Vella’s findings. However, we also

showed that the superhydrophobicity has great effect on

reducing the adhesion between the leg and the water during

the walk and maneuvor of water strider.12

The debate on the function of the superhydrophobicity

has attracted much attention and has not been addressed yet to

date. In this paper, we intend to understand this problem by

considering different contact modes between water strider’s

leg and water surface (see Fig. 1), with a viewpoint that the

contact mode should also play import roles in the supporting

force which was not considered in previous studies.

For example, previous studies often consider the water

strider’s leg having a parallel contact with the water surface

as shown in Fig. 1(b), which can be described by a two

dimensional model10–13 because the length of the leg is

much longer than the dimension of its cross section. The

leg’s surface meets the water surface with an apparent con-

tact angle hA. According to the previous study,12 the normal-

ized pressing depth can be derived as
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FIG. 1. (Color online) Illustration of water strider’s leg pressing on the

water surface. (a) The geometry of water strider’s leg Reprinted with per-

mission from D. L. Hu, B. Chan, and J. W. M. Bush, Nature 424, 663

(2003). Copyright 2003, Macmillan Publishers Ltd. (b) a parallel contact

state; and (c) a vertical contact state.
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where k ¼ cLA=qLg ¼ l2
c is constant, and cLA, qL, g, lc are the

surface tension, the density of the liquid, the acceleration of

gravity, and the capillary length, respectively. Then, the nor-

malized supporting force can be obtained by calculating the

volume of water that the leg repelled as
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:

(2)

Equations (1) and (2) show that the increase of the contact

angle can only slightly increase the pressing depth and the

pierce force when the value of contact angle is in the range

of 100�–180�.11–13 That is, the superhydrophobicity is not

necessarily important for the water strider to achieve high

supporting force when the leg is in a parallel contact with the

water surface.

However, the real contact condition between the leg and

water surface would be more complex. For example, the water

strider’s legs may have different postures when it contacts

with water during its maneuver, and the water surface might

be wave-like due to external disturbance and will not be a

smooth and flat surface. Therefore, the leg may be oblique to

and not parallel to the water surface anymore. One extreme

situation is that the leg vertically presses on the water surface,

as shown in Fig. 1(c). Considering an axial symmetric prob-

lem, the governing equations of the surface shape is

Z00ðXÞ

1þ Z0ðXÞ2
h i3=2

þ Z0ðXÞ

X
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Z0ðXÞ2

q � 1

k
ZðXÞ ¼ 0; (3)

where Z0ðXÞ ¼ dZðXÞ=dX and Z00ðXÞ ¼ d2ZðXÞ=dX2. The

boundary conditions are

Z0ðXÞ ¼ tanuR; X ¼ R
ZðXÞ ¼ 0; X! þ1 :

�
(4)

Because Eq. (3) is a non-linear differential equation, it is dif-

ficult to solve it directly. Here, we adopt the perturbation

method to find its approximate solution. First, we expand

ZðXÞ as

ZðXÞ ¼ aZð0ÞðXÞ þ a3Zð1ÞðXÞ þ � � � ; (5)

where a is a small parameter on the order of Z0ðXÞ. Substitut-

ing Eq. (5) into Eq. (3), we can obtain the governing equa-

tions of different orders. The first order of the governing

equation, i.e., on the order of a is

a : Z00ð0ÞðXÞ þ
1

X
Z0ð0ÞðXÞ �

1

k
Zð0ÞðXÞ ¼ 0: (6)

Then, we substitute Eq. (5) into Eq. (4) to expand the bound-

ary conditions. The first order of the boundary conditions is

a :
Z0ð0ÞðXÞ ¼

1

a
tan uR; X ¼ R

Zð0ÞðXÞ ¼ 0; X! þ1
:

(
(7)

From Eq. (6), we can obtain the first order perturbation solu-

tion as14

Zð0ÞðXÞ ¼ C1ð0ÞBesselIð0;X=
ffiffiffi
k
p
Þ þ C2ð0ÞBesselKð0;X=

ffiffiffi
k
p
Þ:

(8)

Substituting Eq. (8) into Eq. (7), we have

Zð0ÞðXÞ ¼ �
ffiffiffi
k
p

a

BesselKð0;X=
ffiffiffi
k
p
Þ

BesselKð1;R=
ffiffiffi
k
p
Þ

tan uR: (9)

Then, substituting Eq. (9) into Eq. (5), we obtain the approxi-

mate solution of the bended surface as

ZðXÞffiffiffi
k
p � �BesselKð0;X=

ffiffiffi
k
p
Þ

BesselKð1;R=
ffiffiffi
k
p
Þ

tan uR: (10)

In order to verify the approximate solution from the first

order perturbation, we further adopt a numerical method to

directly solve the governing equation (Eq. (3)) with the MAT-

LAB software. Figure 2 shows the comparison of predictions

of shapes of the bended surface at different angle uR. As we

can see, the approximate solution (Eq. (10), dashed line)

agrees well with the numerical solution (scatter points) when

juRj < 30�. The difference becomes larger when juRj > 30�.
Of course, the approximate solution can be improved by

further solving the higher order perturbation solutions. But

the derivation would be extremely complicated. In addition,

the expression of the bended surface of higher orders can be

very verbose and not convenient to use. Fortunately, we find

that the ratio of the numerical solution to the approximate

solution is approximately equal to cos uR. Therefore, we

suggest an improved solution as

ZðXÞffiffiffi
k
p � �BesselKð0;X=

ffiffiffi
k
p
Þ

BesselKð1;R=
ffiffiffi
k
p
Þ

sin uR: (11)

FIG. 2. (Color online) Comparison of predictions of the shapes of bended

water surface by the approximate analytical solution, the improved analyti-

cal solution, and the numerical solution. R¼ 0.05 mm.
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A good agreement between the improved solution and the

numerical solution is shown in Fig. 2.

Substituting X ¼ R into Eq. (11), we can calculate the

pressing depth as HðuRÞ ¼ �ZðX ¼ RÞ. And the pressing

force can be derived as FðuRÞ ¼ pRcLA½2 sin uR

þHðuRÞR=k�, where R=
ffiffiffi
k
p

is a small parameter, therefore

the second item is much smaller than the first one and is neg-

ligible. When uR ¼ hA � p=2, the pressing force reaches its

maximum value (piercing force) as

FðuRÞ
pcLA

ffiffiffi
k
p

	 

Piercing

� �2 cos hA
Rffiffiffi
k
p : (12)

It can be proved that the derivations of Eqs. (1)–(11) are also

applicable to the detaching process of the leg from the water

surface. We find that the detaching force is given by

FðuRÞ
pcLA

ffiffiffi
k
p

	 

Detaching

� �2 sin hA
Rffiffiffi
k
p : (13)

when uR ¼ hA � p. Note that Eq. (13) is only applicable to

the condition uR > p=2, i.e., the hydrophobic surface which

we are interested in this study.

To verify its approximate analytical solution, the pierc-

ing force was further calculated using the numerical method.

Figure 3 shows that the numerical results agree well with the

analytical predictions. We can see that the piercing force is

sensitive to the apparent contact angle, i.e., the higher the

contact angle, the larger the supporting force. This result

clearly suggests that the superhydrophobicity is crucial for

the water strider achieving high supporting force when its

legs are not parallel to the water surface. Of course, the

detaching force is sensitive to the contact angle as well, i.e.,

the higher the contact angle, the smaller the detaching force,

which agrees with our previous studies.12

In summary, the roles of the surface superhydrophobic-

ity were re-studied by considering a more severe contact

condition of water strider’s leg with water surface, i.e., the

leg vertically pressing on the water, with a three dimensional

model. Compared with previous studies considering the par-

allel contact condition using a two dimensional model, this

study showed that the superhydrophobicity is indeed very

crucial for water strider achieving high supporting force. The

higher the apparent contact angle, the larger the maximum

supporting force. The underlying mechanism is that when

the leg is parallel with the water surface, the contact surface

between the leg and water is circle-like convex surface

which can be much helpful for pinning the contact triple line

on the surface which postpones the wetting process of water

on the leg, and therefore the piercing force is not sensitive to

the contact angle. In contrast, when the leg is perpendicular

to the water surface, the contact surface will be flat-like (the

curvature of contact surface along the moving direction of

water is zero), then it will be much easier for water to wet

the surface,15 and then the piercing force becomes sensitive

to the contact angle. Therefore, superhydrophobicity is the

key for a free and safe maneuver of water strider. This study

may provide useful guidelines for the design of geometry

and gait of novel aquatic robots.
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