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Abstract: Survival of species such as geckos, spiders, flies, and crickets crucially depends on
the interaction between hundreds of thousands of hairs or setae on their feet. Recently, many
efforts have been made to fabricate adhesive pads inspired by natural biological systems. Fibres
developed from nano molding can mimic the hairs of these species’ feet and act as a dry adhesive
pad. In this study, for the nanocasting of nano fibres, several porous silicon structures with
desired dimensional and morphological characteristics were made by an electrochemical etching
system. The adhesive strengths of produced adhesive pads were measured about 0.07 N/cm2 in
the normal direction and about 0.045 N/cm2 in the shear direction in contact with a glass surface.
Besides the experimental work, a quantitative model has been developed to model van der Waals
interactions in adhesive pads. The results from the theoretical model show consistency with
experiments.
Keywords: dry adhesion, adhesive fibrillar system, biological mimic, electrochemical etching
system
1

INTRODUCTION

There are various small insects and creeping species
in nature that have the ability to cling to vertical surfaces and climb easily. This ability has been the centre
of attention for over 300 years. Some species such as
spiders, geckos, and certain beetles possess dry adhesive systems. However, the large majority of insects
rely on a wet adhesive system where the van der Waals
forces are reinforced by additional effects, such as
the secretion of oily fluids [1–4]. Different hypotheses and various mechanical models are presented
to explain the adhesive nature of adhesive systems
for specific fibre-array structures [5–8]. Experimental
works have risen in line with these theoretical models [9–11]. These experimental attempts can be
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classified into two main categories. The first one is
based on standard techniques of microfabrication
[10–12] and the second relates to the novel and creative devised techniques [13–16]. The advantage of
novel microfabrication techniques is that they eliminate certain limitations of standard microfabrications.
This paper is the extension of our previous study
on biomimetic adhesive systems [17]. In this article,
a contemporary fabrication method is presented to
produce a microstructured mold (porous silicon (pSi))
with desired dimensional and morphological characteristics for nanocasting of nano fibres. Furthermore,
an analytical model is developed to discern effective parameters of the adhesive pad and calculate
its adhesive strength. The model is validated via an
experimental set-up.

The electrochemistry of Si (and other semiconductors)
exhibits a large range of peculiar phenomena, many of
which are not well understood at present. The most
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prominent feature under anodic etching conditions
is the formation of pSi. pSi consists of a dense array
of micro- and submicrometre pores formed on the
surface of a silicon wafer. Production of pSi does not
require lithography masks. Hence, the expensive and
time-consuming masking process will be eliminated.
In addition, under high reactivity conditions, it can
form absolutely high aspect ratio pores (up to 600)
and high density of porous structures which is the
other advantage of the approach. Shape, diameter,
depth, and pore-axis’s angle are the main characterizing parameters of pSi which are the controllable
elements related to etching conditions.
To fabricate synthetic hairs with absolutely high
aspect ratio and desired diameter, an electrochemical
etching system was set up (further details can be seen
in references [18] and [19]). Etching voltage, etching
current, back side illumination intensity, temperature,
and content of electrolyte are the main parameters
that should be precisely controlled before using the
apparatus. A proper mixture of 47 per cent hydrofluoric acid and water was used as electrolyte. Some other
additives were utilized for the improvement of electrical conduction and surface tension of the electrolyte.
For production of fibres with the diameter of 1–4 μm
and aspect ratio of 2–5, an electrochemical etching system with the specifications given in Tables 1 and 2 was
used.
Using the electrochemical etching process, a pSi
with the negative pattern of dense fibrillar array was
produced (Fig. 1). A liquid elastomer (poly-dimethylsiloxane or PDMS; Elastosil M4470, Wacker, USA) was
poured over this porous mold and cured under the
laboratory temperature of 22 ◦ C, humidity of 20 per
cent, and vacuum conditions. The vacuum removes
encapsulated gas bubbles to help better penetration of
liquid into pSi and to enhance the quality of samples.
It is worthy to note that no other external pressure or
force was applied in the vacuum oven. The shortcoming was limited penetration of liquid in some small
areas which resulted in shorter fibre length there. However, the overall results were satisfactory. Finally, the

Table 1

Primary parameters of electrochemical
etching system

Etching
voltage

Etching
current

Illumination
intensity

Electrolyte
temperature

3V

32 mA

320 mW/Sr

12 ◦ C

Table 2
Material

Electrolyte ingredients

HF
(47%) H2 O

Percent (volume 7.6%
base)

CH3 COOH NH4 CL
CHCOH (96%)
(99.8%)

88.36% 1.82%

1.82%

0.4%
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Fig. 1

Schematic of synthetic hair fabrication

cured PDMS is peeled from the surface of the mold. A
trimming and finishing process is then applied over it.
The final product is an array of microfibrils produced
on the surface of an elastic PDMS.
Figure 2 shows the scanning electron microcopy
(SEM) images of produced pSi and microfibrils formed
over pSi under described conditions. To compare the
adhesive force of the produced adhesive pads with the
results of proposed theoretical model, three samples
of adhesive pads were produced with fibre length (L)
ranging from 1 to 12 μm and Lavg = 6 μm (for further
information, the reader is referred to Appendix).
1. Sample 1: Adhesive pad with average fibres radius
(Ravg ) of 0.5 μm and length root mean square
(rms) (Lrms ) of 0.5 μm (Root mean square. Lrms =


2
(1/N ) i=N
i=1 (L − Lavg ) , where N is the number of
fibres).
2. Sample 2: Pad with average fibres radius (Ravg ) of
1.5 μm and length rms of 0.5 μm.
3. Sample 3: Pad with average fibres radius (Ravg ) of
1.8 μm and length rms of 0.5 μm.
The sample parameters are listed in Table 3. The only
variable here is the fibre radius.
JMDA287
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Fig. 2
Table 3

3

SEM image of (a) pSi and (b) molded PDMS hairs

where A is the Hamaker constant (about 10−19 J for
interactions in a vacuum). With similar approach,
Bradley [25] showed that the magnitude of attraction
force between a sphere and a plane is given by

Sample parameters

Sample no.

Ravg

Lavg

Lrms

1
2
3

0.5
1.5
1.8

6
6
6

0.5
0.5
0.5

Fsp = −2πRUpp (d)

ANALYTICAL MODEL OF FIBRILLAR ADHESIVE
SYSTEM

The theoretical aspects of the fibrillar adhesive system are investigated in this section. As shown in Fig. 2,
the radius of holes in the pSi and produced fibres
are not constant and vary in a specific range. Moreover, the length of produced fibres is not equal. So, in
the developed model, a fibrillar system with random
radius and length has been considered. In addition,
both side–side clumping and tip–tip clumping have
been considered below.
3.1

Fibre adhesion

When two solids contact each other, they start to interact and the inter-atomic forces become significant in
the gap between them. These attraction forces arise
from the coupling of oscillations of two neighbouring molecules vibrating in resonance [20]. Between
two atoms or two molecules separated by a distance r (larger than their diameter), the magnitude of
attractive force is given by [21, 22]
6C
F= 7
r

(1)

Where C is the London constant (about 10−79 J m6 ).
Using equation (1) and by a simple integration, the
force between two planes (at a distance d), per unit
area, is expressed by [23, 24]
Fpp

A
=
6πd 3
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(2)

(3)

where R is the radius of sphere and Upp (d) is the
interaction potential between two planes. When the
distance between two objects is reduced to the equilibrium inter-atomic distance ε, the interaction energy
(Upp (d)) is equal to γ (the work of adhesion). The
adhesion force needed to separate a sphere from a
plane is equal to
Fpull-off = 2πRγ

(4)

Equations (1) to (4) are commonly used for the calculation of adhesion force in biological attachment
systems [26, 27]. In fact, these results hold only for
the case of a rigid plane/sphere in adhesive contact
with another rigid plane/sphere. For an elastic plane
or sphere coming into contact with an elastic substrate, adhesion force can be calculated according
to the Griffith condition for crack initiation [28]. This
state is more consistent with reality. Under certain circumstances when elastic hemispherical shape with a
radius of R is in contact with a smooth surface, the
adhesion force can be calculated by [29]
Fpull-off =

3
πRγ
2

(5)

The total adhesion force for a fibrillar system composed of N identical fibres is equal to


3
FADH1 = N
πRγ
(6)
2
Owing to random fibre radius of the produced adhesive pad, it is assumed that variations in fibre radius
amplitude follow a standard Gaussian distribution.
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Therefore, the total adhesion force can be obtained
by integrating equation (6). The result is as follows
FADH2 =

 Rmax
P(R)FADH1 dR

(7)

Rmin

where Rmin and Rmax are the thinnest and the thickest radius of fibres, respectively, and P(R) is the
probability distribution of fibre radius and is equal to

P(R) =

1
2
2Rrms

0


· 5 EXP

(R − Ravr )
2
2Rrms

2


(8)

where Rrms is the rms of fibre radius amplitudes
and Ravr is the average fibre radius. To discern the relation between adhesive force and variations in fibre
length, it is assumed that variations in fibre length
amplitude follow a standard Gaussian distribution.
Therefore, the total adhesion force is equal to [17]
FADH3 =

 Lmax

P(L)(FADH2 − FEls )dL

(9)

Lmin

where Lmin and Lmax are the shortest and the longest
length of fibres, respectively. P(L) is the probability
distribution of fibre length and is equal to

P(L) =

1
2πLrms 2

0



(L − Lavr )2
· 5 EXP
2Lrms 2


(10)

Lrms is the rms of fibre length amplitudes and Lavr
is average fibre length. FEls is the elastic force that
emanates from the compression and extension of fibre
[17, 30] and is equal to
FEls =

AEδ
L

(11)

where δ is the amount of fibre’s compression or extension along the fibre axis and A is the cross-sectional
area of the fibre.
3.2

Fibre density

Fibre density is extremely important for high adhesion. Applying conventional contact mechanic models, it has been shown that the adhesion force can
be increased by the principle of contact splitting
[31, 32]. However, the progressive miniaturization of
the contact tips is limited by the attraction tendency
of neighbouring fibres. The slender fibres might jump
into contact and adhere to each other and get entangled. This is known as matting and the fibres need
to be spaced well apart to avoid this phenomenon.
Thus, in a confined space, the fibre density is under
constraint and terminal elements cannot be split up
into infinite submicron levels. In other words, in a
confined space, the maximum number of fibres cannot increase more than the critical value of matting
Proc. IMechE Vol. 224 Part L: J. Materials: Design and Applications

conditions. For the calculation of the minimum space
between two non-matting fibres, side–side clumping
and tip–tip clumping have been considered (Fig. 3).
Side-side clumping occurs when the bodies of two
adjacent fibres come into contact (Fig. 3(a)). So, the
minimum space between two non-matting fibres is
obtained by [17]
CRI =

0.3L 2 γ 2/3
E ∗−1/6 E 1/2 R 5/3

(12)

where E is theYoung’s modulus of fibre, E ∗ is defined as
E ∗ = E/(1 − υ)2 and υ is the Poisson’s ratio of the fibres.
Tip–tip clumping takes place when fibre tips stick to
each other (Fig. 3(b)). The minimum space between
two non-matting fibres is obtained by [33]
CRII =

L 3 γ
ER 3

(13)

In the design of a biomimetic adhesive pad, the
fibres cannot be arranged closer than the minimum of
CRI and CRII . The maximum number of fibres (Nmax )
as explained in reference [17] is related to
N=

1
4( + R 2 )

(14)

where  is the distance between two adjacent fibres.
Therefore, an adhesive pad with a fibrillar system
has certainly an optimum radius of fibres at which
maximum adhesion is achieved. The optimum radius
ensues when ∂FADH1 /∂R = 0. If CRI > CRI , the optimum radius is equal to
RoptI =

1.1L 3/4 γ 1/4
E ∗1/16 E 3/16

(15a)

If CRI > CRI , the optimum radius is equal to
RoptII =

1.63L 3/4 γ 1/4
E 1/4

(15b)

A thorough understanding of fibres’ optimum radius
effect on adhesion performance could be of value to

Fig. 3

Fibre matting: (a) schematic of fibre side–side
clumping and (b) schematic of fibre tip–tip
clumping
JMDA287
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structural engineering and artificial materials design.
As such, this issue has been considered theoretically
in this section. For future work, we will experimentally
check the critical distance and also the production of
fibres with an optimum radius.
3.3

Surface roughness

The micro- and nano-fibres enable species to climb
surfaces with widely varying surface roughness.
Length and radius of hairs on the species’ feet have
a drastic effect on the adhesion performance of
these biological systems. In addition, the relationship
between rough surface adaptation and fibres’ geometry must be considered. Once an insect lands on a
surface, the foot fibres experience a wide range of
roughness amplitudes and begin to deform elastically
to adjust themselves [34]. Deformation of these fibres
causes the production of an undesired elastic force and
detachment from the substrate. Decreasing the elastic forces leads to a better attachment between fibres
and the rough substrate [17]. Thus, an array of slender
fibres sticks better to rough surfaces, when compared
with thick fibres. Conversely, thick fibres stick better to
smooth surfaces. To maintain the adhesive efficiency
on surfaces with different degrees of roughness, geckos
and many insects use wide-end fibrillar system. Recent
studies by Parsaiyan et al. [17] and Tian et al. [26] have
presented an in-depth analysis of this phenomenon.

Fig. 4
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EXPERIMENTAL SET-UP TO MEASURE
ADHESIVE FORCE

To measure the adhesive force of produced samples in
contact with a flat clean glass, an experimental set-up
was arranged. In the experiment, the necessary force
F to detach the produced adhesive pad from a clean
smooth glass surface was measured. To measure the
adhesion force, the method proposed by Gorb and
Varenberg [35] was adopted with some changes. By
applying a little preload (between 0.19 and 0.29 N),
each adhesive pad was pressed against the glass, while
a string was attached to the pad. Laboratory balances
were added to the string until the pad detached from
the glass surface (Fig. 4). The total weight of laboratory
balances was considered as the pad adhesion force.
The pads used for the experiment were the three
samples made in Section 2. For each sample, the
normal adhesion force (glass was fixed horizontally;
Figs 4(a) and (c)) and the shearing adhesion force
(glass was fixed vertically; Figs 4(b) and (d)) were
measured three times.
The average radius of fibres was from 0.5 to 1.8 μm,
their length was from 1 to 12 μm and Young’s modulus, E, of the bulk polymer was 360–870 kPa with the
adhesion energy, γ , of 0.045 J/m2 [36]. Figure 5 shows
the adhesion force for three different samples in normal and shearing direction. As displayed in Fig. 5, the
maximum measured adhesive strength in the normal

Experimental set-up for measuring adhesive force. (a) Schematic of adhesive pad attached
to ceiling while holding a weight; (b) schematic of adhesive pad attached to wall with a
weight; (c) adhesive pad attached to glass to measure normal adhesive force; (d) adhesive
pad attached to horizontal glass to measure shear adhesive force.
Proc. IMechE Vol. 224 Part L: J. Materials: Design and Applications
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Fig. 5

Adhesive force of each three samples was measured three times in (a) normal direction and
(b) shear direction

direction was 0.07 N/cm2 and about 0.045 N/cm2
in the shear direction in contact with a glass
surface.

can be replaced. The result is equation (16)
FADH3 =

 Lmax
Lmin

5

RESULTS AND DISCUSSION



3
P(L) N πRavr γ − FEls dL
2

(16)

Figure 6 shows the adhesion force normalized by
the total number of fibres (N ) as a function of the
fibre radius rms (Rrms ) for both equations (6) and (7).
Equation (6) is plotted for the constant radius of R =
Ravr . As the graph shows, both equations give almost
the same ratio for Rrms  1 μm. In other words, random variation of fibres’ radius will not have a drastic
effect on adhesion force when Rrms  1 μm. Because
the fibres’ radius rms (Rrms ) in the produced adhesive
pad is  1 μm, then for the calculation of adhesive
force (FADH2 ) in equation (9), FADH1 from equation (1)

Taking N = 1 × 106 , Lavr = 6 μm, γ = 0.045 J/m2
and knowing that fibres length ranging from Lmin =
1 μm to Lmax = 12 μm, the absolute values of adhesion
force versus fibres length rms (Lrms ) for both equations (6) (with Ravg = 1.5 μm) and (16) are shown in
Fig. 7. As Lrms increases, the adhesion force decreases.
The decreasing behaviour of adhesion force shows that
elastic force tends to detach the fibres from the surface
[9]. Negative adhesion force indicates that the magnitude of elastic force is higher than the attractive force,
and in reality, there is no sensible contact between
fibres and the surface. As the graph shows, the difference between equations (6) and (16) even at small

Fig. 6 Adhesion force normalized by the total number of
fibres as a function of the fibre radius rms (Rrms )

Fig. 7 Variation of adhesion force versus fibres length
rms (Lrms )
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structures with desired dimensional and morphological characteristics were produced, and the maximum
adhesive force of the produced pads was measured
in both normal and shearing directions. Quantitative expressions were derived to show the effective
parameters on van der Waals interactions of this novel
adhesive pad. As evidenced by Fig. 8, the degree of mismatch between theoretical and experimental results is
less than 0.02 N. This difference is possibly due to:
(a) measurement errors;
(b) insufficient number of samples in statistical analysis (more length regions, more blocks, more
samples, etc.);
(c) errors in sample fabrication.
ACKNOWLEDGEMENTS
Fig. 8

Adhesion force as a function of the average fibre
radius

Lrms is large. Therefore, equation (16) is not replaceable
with equation (6). In other words, the adhesion force
is very sensitive to Lrms . Therefore, the effect of Lrms on
adhesion performance is not negligible, and even at
low Lrms , the adhesion force is reduced.
The fibre length rms (Lrms ) of our produced adhesive
pad is around 0.5 μm. Figure 8 shows a comparison
between adhesion force of the produced adhesive pad,
based on equation (16), as a function of fibre radius.
It is very promising that the experimental data verify the behaviour of the analytical model and that the
results of the proposed model are within an acceptable
range of the experimental measurements.
6

CONCLUSION

Experimental studies revealed that the fibres
developed from nano-molding can generate macroscopic adhesion strength comparable to that obtained
by previous experimental work (Table 4). Owing
to the simplicity, fabrication speed, low cost, and
mass production ability of the electrochemical etching fabrication technique, this paper focuses on the
experimental and theoretical aspects of the adhesive
pad produced from this novel approach. Several pSi

Table 4

Comparisons of adhesive strengths among previous experimental works

Material

Maximum
adhesion (N/cm2 )

Reference

Synthetic: silicone rubber hairs
Synthetic: PDMS
Synthetic: polyurethane hairs
Natural: ant (Crematogaster)

0.003
0.07
0.5
1.7

[7]
This work
[37]
[38]
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APPENDIX
Measurement of length of fibres
In order to measure the length of fibres, a statistical method was applied. First, the sample surface
was divided into 20 similar blocks. A number was
assigned to each block (Fig. 9). By generating three
random numbers (between 1 and 20), the corresponding blocks were picked for further analysis. The SEM
images of these blocks were taken. The images were
processed with MATLAB to detect edges in order to
determine the fibres’ tips. Knowing the beam angle
and scale in SEM image, the lengths of fibres were
achieved. The longest and shortest ones were reported
as the length range. Three length regions were selected
(3, 6, and 9 μm). The images were traced by a search
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algorithm, to find which region a length belongs
to. Applying the Hough line detection function, the
number of lengths in each region was obtained.
This process and related MATLAB programming is
time-consuming.
Results
The majority of population belonged to 6 μm region.
The percentage standard deviation was 8 per cent. This
amount was considered to be small by the authors. The
effect of standard deviation is considered as Lrms and
Rrms in the theoretical model.

Fig. 9

Schematic view of sample statistical consideration
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