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The nanometer size of the tiny hair is the key to the secret of strong stickiness of gecko’s feet, by

which the hair can achieve the maximum adhesion strength that is insensitive to the interfacial

flaws with substrate surface. But the question why the hairs have not been smaller is not answered

yet. In this study, we derived a geometric parameter of the surface structures considering lateral

interaction among hairs, which gives a critical size below which these hairs will bunch together

and cause failure of the adhesion, suggesting a lower limit of the dimension of hairs on gecko’s

feet. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4762822]

Hair-like surface structures are widely adopted in the surfa-

ces of animals and insects for dry and wet adhesion.1 These

“hairy” biological surfaces consist of finely structured protrud-

ing hairs with size ranging from a few hundred nanometers to a

few micrometers, depending on animal species. Moreover, the

density of hairs increases with the body weight of the animal,

and gecko has the highest density among all animal species that

have been studied (Fig. 1(a)).2–5 Various mechanical models

have been developed to model the fiber-array structures,6,7 and

significant progress has been made in using the JKR model and

fracture model.4,5 For instance, Arzt et al.5 showed that the

hairy surfaces, in which a macroscopic contact area is split into

many smaller contact patches, could greatly enhance the adhe-

sive strength. Gao and coworkers3,4,8 showed that reducing the

size of the hairs could increase the adhesion strength and tough-

ness between the hair and substrate, and the adhesion strength

became insensitive to the interface flaws when the hair size was

reduced to hundreds of nanometers, which suggests an upper

limit of the hair size. Yao and Gao3 further showed that with

the hierarchical hair-like surface structures, the gecko’s feet

could achieve strong and robust adhesion without sensitive to

the interfacial flaws at macroscopic scale.

Interestingly, besides the hairy surfaces on gecko’s feet for

strong adhesion, there are many hairy biological surfaces, how-

ever, for superhydrophobic dewetting properties, such as the

surfaces of strider’s leg and many plant leaves9–11 (Fig. 1(b)).

Similar with the surface of gecko’s feet, these biological surfa-

ces also have the nano to micro hierarchical structure, but they

are designed to improve the superhydrophobic dewetting prop-

erties. It is strikingly interesting that this nano to micro hier-

archical surface design can both enhance the gecko-like strong

adhesion and the superhydrophobic dewetting properties of the

surfaces. Su et al.10–12 did a systematic study of the superhy-

drophobic biological surfaces, such as the surfaces of water

striders’ legs and lotus leaves, by addressing several funda-

mental questions including, why the most elementary surface

structure is at the hundreds of nanometers, why the elementary

structure cannot be smaller, and what is the role of the surface

hierarchy? The first two questions immediately suggested the

lower limit and upper limit for the size of the most elementary

surface structure. Therefore, for gecko adhesion, a fundamental

question is raised: is there also a lower limit for the surface

hairy structure? In other words, why have not the hairs on the

gecko’s feet been smaller?

To answer above questions, let us consider the interaction

among multiple hairy fibers. It was shown that the non-contact

interaction, such as van der Waals interaction that is negligible

at macroscopic scale, would become crucial when the dimen-

sion of the system is reduced to nano and micrometer scale.13

Previous studies showed that in an array of slender hairs

planted on a solid surface, the fibers are prone to bundle

together under the van der Waals interaction14,15 (Fig. 1(c)).

Hui and coworker derived the anti-bunching condition15 by

considering only two neighboring fibers, suggesting a maxi-

mum length of the fiber for the given separation and radius of

fibers. However, in previous studies, the effect of the dimen-

sion of fibers was not studied. In addition, possible adhesion

among multiple fibers was not considered. In this paper, we

intend to study the effect of dimension of hairy fibers on their

lateral stability by analyzing the anti-bunching conditions of

multiple fibers. A scaling law will be derived from the anti-

bunching condition, which suggests a critical size below which

the hairy fibers are prone to adhere to the neighboring fibers.

Without loss of generality, three patterns of arrangement

(triangular (k¼ 3), square (k¼ 4), and hexagonal (k¼ 6))3 of

the fibers with circular cross-section were analyzed as shown

in Figs. 2(a1)–2(c1). For the fibers that are bunched up, we

denote the number of the fibers in the bundle as n and the

number of interfaces among them as m. The values of n and

m depend on the pattern and bunching mode (Figs. 2(a2)–

2(c2)). The deformations of fibers in the bundle are assumed

identical. The strain energy of the bended pillars due to the

bending deformation can be calculated by using the beam

theory16,17

Uk;n ¼
6nEIw2

k;n

L3
; (1)
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FIG. 2. Schematic illustrations of differ-

ent surface patterns and bunching modes.

(a1)–(c1) for three typical patterns of sur-

face structures: triangular (k¼ 3), square

(k¼ 4), and hexagonal (k¼ 6); (a2)–(c2)

for illustration of different bunching

modes for each surface pattern; (a3)–(c3)

for illustration of the lateral displacement

of the non-fixed end of fibers for different

patterns and bunching modes.

FIG. 1. Typical biological and biomimetic surfa-

ces with hair or pillar like surface structures for

various functions. (a) The nano to micro hierarch-

ical hair-like surface structure of geckos’ feet for

strong adhesion;8 (b) The nano to micro hierarchi-

cal structure of plant leaves for superhydrophobic

dewetting properties.10 (c) The microfabricated

polyimide biomimetic hairs bunching together

under the van der Waals interaction.14
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where E¼ 1 GPa is the Young’s modulus of the fiber,

I¼pR4/4 is the moment of inertia, R is radius of the fiber, L
is the length of the non-contact portion of the fiber, and wk,n

is the lateral displacement of the non-fixed end of fibers for

the bundle with n fibers in the pattern of type k as shown in

Fig. 2(a3)–2(c3). The adhesion work per unit length of the

bundle can be obtained according to previous works15,18

Wk;n ¼ 3mcs

32R2csð1� �2Þ
pE

� �1
3

; (2)

where cs¼ 5mJ/m2 is surface energy of fibers, and �¼ 0.3

is Poisson’s ratio. The length of the non-contact region can

be determined by the energy equilibrium at the critical con-

dition of propagation of the non-contact region. Suppose

the edges separating the contact and the non-contact regions

are advanced by dL. Under the equilibrium conditions, the

resulting decrease/increase in strain energy is equal to the

energy for separating/combining the surfaces, which is

Wk,ndL. The anti-bunching condition is obtained by equat-

ing these two energies, i.e.,

� dUb

dL
¼ Wk;n; (3)

by which we have

gc
k;n ¼

256m3ð1� �2Þ
27n3p4

� �1
4 cs

E
; (4a)

where gc
k;n is the critical value of the geometric parameter

group Rk;na
2=3
k;n =q

3, and we define

gk;n ¼
Rk;na

2=3
k;n

q3
: (4b)

If gk;n < gc
k;n, the fiber bunching will happen. The criti-

cal condition gk;n ¼ gc
k;n for fiber bunching suggests a critical

size of fiber as

Rc
k;n ¼

gc
k;nq

3

a2=3
k;n

; (5)

where q ¼ L=R is the aspect ratio, and ak;n ¼ wk;n=R. The val-

ues of ak;n for the three different patterns are listed as below

triangular : a3;2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

p

2
ffiffiffi
3
p

u

r
� 1;

a3;3 ¼
2ffiffiffi
3
p

ffiffiffiffiffiffiffiffiffiffiffiffi
p

2
ffiffiffi
3
p

u

r
� 1

� �
; 0 < u <

p

2
ffiffiffi
3
p

square : a4;2 ¼
ffiffiffiffiffiffi
p

4u

r
� 1;

a4;4 ¼
ffiffiffi
2
p ffiffiffiffiffiffi

p
4u

r
� 1

� �
; 0 < u <

p
4

hexagonal : a6;2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

p

3
ffiffiffi
3
p

u

r
� 1;

a6;6 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
p

3
ffiffiffi
3
p

u

r
� 1

� �
; 0 < u <

p

3
ffiffiffi
3
p ;

(6)

where u is area fraction, i.e., the ratio between the total area

of cross section of the fibers and the total projected area of

the patterned surface. In Eq. (6), the first subscript of a indi-

cates the number of fibers in the periodic unit of surface pat-

tern, and the second subscript indicates the number of fibers

that are bunched up. For example, a3;2 is for the case of the

triangular pattern in which two fibers are bunched up, and

a3;3 is for the case of the triangular pattern in which three

fibers are bunched up.

According to Eq. (4a), the critical value of the geometric

parameter group gc
k;n is determined by the surface pattern,

the material properties and the surface energy.

Equation (5) suggests that once the critical value of the

geometric parameter group is given, the critical size of fibers

is a function of aspect ratio and area fraction. It defines a

lower limit of the dimension of the fibers. That is, the dimen-

sion of fibers should be larger than this critical size. Figure 3

shows that the critical size of Rk;n increases/decreases with

the aspect ratio q for different surface patterns and bunching

conditions (i.e., bunching of two fibers or bunching of multi-

ple fibers for each pattern). For the hexagonal pattern, the

critical size Rc
6;2 for the case of 2-fiber bunching up is larger

than Rc
6;6 for the case of 6-fiber bunching up, indicating that

the 2-fiber bunching are more energy favorable than the 6-

fiber bunching in the hexagonal pattern. However, in the tri-

angular pattern the critical size Rc
3;2 is smaller than Rc

3;3,

which means the 3-fiber bunching is more energy favorable

than the 2-fiber bunching. For the square pattern, the critical

size Rc
4;2 ¼ Rc

4;4, indicating that the 2-fiber bunching and 4-

fiber bunching in the square pattern can both happen with the

same possibility. Figure 4 shows the relationship between

the critical size and the area fraction u for the 6 different

bunching conditions, which suggests that the increase/

decrease of area fraction will require the increase/decrease

of the critical size.

For example, according to previous works,2,19 the aspect

ratio of the hair of gecko’s feet is around 10. If we assume

the area fraction is 0.5, the critical size of fibers is in the

range of 8–40 nm for different pattern and bunching condi-

tions. The upper limit of the fiber size estimated by Gao and

Yao4 for the robust adhesion is around 100 nm. Therefore,

FIG. 3. The relationships between the critical size of fibers and aspect ratio

for different surface patterns and bunching modes.
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these two critical sizes define the range of the selection of

dimension of the hairs, which might be the reason why the

hairy structures of biological surfaces have not been smaller.

If the radius is reduced to R¼ 5 nm, the aspect ratio q should

be reduced to 4–9 for the area fraction u¼ 0.5; or the area

fraction u should be reduced to as small as 0.25–0.4 at the

aspect ratio q¼ 10. However, the reduction of aspect ratio

and area fraction will reduce the robustness and strength of

the adhesion, i.e., the lower aspect ratio will cause reduction

of energy dissipation of deformation energy in the fibers dur-

ing their detachment,8 and the lower area fraction will reduce

the apparent adhesion strength �r ¼ ur, where r is the local

adhesion strength between the fiber and substrate. This fea-

ture is different from the nanostructure of the bone-like bio-

logical materials.20,21 This result suggests that the size of

hairy fiber cannot be unlimited small considering the robust-

ness and strength of the adhesion.

In summary, the anti-bunching behaviors of multiple

fibers were analyzed to address the fundamental question

why the elementary hairy structure of geckos’ feet is at hun-

dreds of nanometers rather than the smaller size. A geomet-

ric parameter group consisting of dimension, area fraction,

and aspect ratio of hairy fibers was obtained. The critical

value of the geometric parameter group presents a scaling

law for the dimension of fibers. It suggests a lower limit for

the size of fibers below which these fibers will bunch up with

neighboring fibers for given aspect ratio, area fraction, and

surface patterns. In addition, this geometric parameter group

provides a systematic understanding of relationship among

these geometric parameters, such as size, area fraction, and

aspect ratio, which has not been provided in previous studies.

Here, we showed through the anti-bunching analysis these

three parameters are closely inter-connected via the geomet-

ric parameter group gc
k;n that is determined by the Young’s

modulus, surface energy, and surface pattern. We should

also point it out that in the analysis we implicitly assumed

that the fibers have symmetric deformation during the fiber

bunching. It can be rigorously derived that the asymmetric

deformation will not happen if the size and the mechanical

properties of the fibers are all identical, because the total

energy of the asymmetric deformation is always higher than

that of the symmetric, and the higher the degree of the asym-

metry, the more unstable the asymmetric deformation state.22

This result is consistent with the experimental observation as

shown in Fig. 1(c).

Hair-like or pillar-like surface structures are widely

used in bio-inspired applications for both adhesion and

de-adhesion/hydrophobicity properties. The critical value of

the geometric parameter group gc
k;n is crucial for the design

of surface structure for adhesion and superhydrophobic prop-

erties, and patterned surface for cell traction measurement.23

For example, the fiber size should be in a specific range

defined by the lower and upper limits for both strong and ro-

bust adhesion,3 or for stable and robust Cassie state for

superhydrophobic dewetting properties.10 In cell traction

measurement, the pillar size and aspect ratio of the patterned

substrate should be properly designed in order to achieve a

large range of substrate flexibility without causing error by

the self-bunching of pillars.23 Overall, this parameter group

should be important for a consistent design of the pillar-like

surface in the application of micro- and nanotechnology and

cell biology.
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S1. The asymmetric deformation of fiber bunching  

For simplicity and clarity of the explanation of this problem, we consider the case of 

two fibers (i.e., 2, 1n m= = , and the two fibers are identical in terms of the fiber size and 

mechanical properties). The ideas can be extended to the analysis of multiple fibers.   

For the asymmetric deformation of two fibers, without loss of generality, we assume 

the deflection of the tip of one fiber (denoted as fiber #1) as , and the angle of the 

neutral axis at the tip is  (in comparison, for symmetric deformation the 

deflection and angle are both identical between the two fibers, which are  and , 

respectively), and the deflection and angle of the other fiber (denoted as fiber #2) are 

 and  , respectively, because of the asymmetry. Then, the deformation energy 

of the system can be derived using the beam theory as follows. 

The deformation energy of the fiber #1 is obtained as 

                                (R1) 

and that of the fiber #2 is 

                               (R2) 



Therefore, the total deformation energy of the system is 

 
 
   (R3) 

On the other hand, according to Eq. (1) in the manuscript, the total deformation energy of 

the symmetric deformation is  

 (for n=2)                                          (R4) 

If we compare the deformation energy between the symmetric and the asymmetric 

bunching, we have 

                              (R5) 

Therefore, the deformation energy of the asymmetric bunching is always larger than that 

of the symmetric bunching. The adhesion energy will not change (for small deformation 

it is only the function of material properties and fiber size) according to Eq. (2) in the 

manuscript as 

 
( )

1
2 2 3

,2

32 1
3 s

k s

R
W

E
γ ν

γ
π

 −
 =
  

 (R6) 

therefore, the total free energy of the asymmetric deformation is larger than that of the 

symmetric deformation. The higher the degree of the asymmetry, the more unstable the 

asymmetric deformation state. 
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