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Spark-erosion perforating technology was used to fabricate a Cu-based template characterized by pores with radius of 0.5 mm
inclined at 75°. A commercial silicone elastomer of poly(dimethylsiloxane) (PDMS) with a rich Si-H content was used to produce
an inclined array of primary setae. The technique of argon ion plasma etching on crystalline silicon was used to fabricate negative
templates with radii of 5, 10, and 20 pm. The Si-H rich PDMS was used to cast three types of fine array templates, which acted as
the secondary setae. A vinyl-rich PDMS precursor was used to bind the primary and secondary setae by a hydrosilylation reaction,
thus allowing the formation of three different hierarchical arrangements of setae. Adhesion tests demonstrated that shear adhesion
was anisotropic, first increasing in strength then decreasing to a stable level as slippage occurred. The adhesion strength was sig-

nificantly influenced by the nature of the secondary setae, showing a strong correlation with aspect-ratio and concentration.
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The gecko is an excellent model to assist in the design of a
three-dimensional obstacle-free (TDOF) robot with high
locomotory performance for inspection and fault detecting
with potential for military applications [1]. A proposed
specification for such a robot is that loaded with communi-
cation equipment with 5 km working range (10 g), a 0.3 mol
L™ pixel optical sensor (10 g), a power source (40-50 g),
the gecko can climb ten floors within 20 s. This climbing
ability is derived from the structure of the feet and toes,
which have millions of setae with hierarchical branched
structures [2-5]. These micro-scale setae control contact
between the toe and the surface, by van der Waals’ inter-
molecular attractive forces.

This type of complex hierarchical structure also has ad-
hesive [6] and anti-fouling properties [7]. Therefore, fabri-
cating artificial micro setae has been the subject of much
biomimetic research. Sitti et al. [8—12] fabricated negative
pore templates by lithography and cast fine polyurethane
(PU) setae, then implanted them onto a large radius setae
surface, thus forming a double-level setae array. Strong
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bonding was achieved, but subsequent detachment of the
setae was not possible. Jeong et al. [13—16] fabricated a
high-aspect-ratio seta array by nano-injection molding, and
the resultant setae array exhibited strong adhesion on a
coarse textured surface. The angle of inclination of the neg-
ative pores could be tuned. Campo et al. [17,18] fabricated
photo-resist (SU-8)-based templates with varying radii by
the duplicated lithography method, then cast hierarchical
poly(dimethylsiloxane) (PDMS) setae. The primary colum-
nar setae had a height of 200 um and a radius of 25 pum, the
secondary columnar setae had a height of 5 pm and radii of
5, 10, 15 pm. Northen et al. [19-21] fabricated hydrophilic
and hydrophobic setae arrays by plasma etching. Zhang et al.
[22] cast photo-resist setae from a negative PDMS template
with various depths by nano-imprinting. However, the pho-
to-resist is easily damaged and has weak adhesion proper-
ties, limiting practical applications. Kustandi et al. [23] fab-
ricated poly(methylmethacrylate) (PMMA) setae by using a
negative template made from anodic aluminum oxide
(AAO), which exhibited upright pores with varying pore
radii between 50-500 pm. In China, Jiang et al. [24], Sun et
al. [25], Wang et al. [26], and Sun et al. [27-32], have also
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been working in this area.

Based on structural and functional biomimic, we aim to
fabricate gecko-inspired setae arrays with inclined hierar-
chical structures. Spark-erosion perforating technology was
used to fabricate the inclined sub-millimeter-scale Cu-based
template for the primary setae; Argon ion plasma etching
was used to fabricate the micrometer scale Si-based tem-
plate for the secondary setac. A hydrosilylation reaction
between the primary and secondary setae arrays was used to
prepare three types of hierarchical micro-setae arrays. A
tribometer (CETR, USA) with high sensitivity force sensor
was used to measure adhesion. The gecko uses a “slipping
adhesion” technique to achieve a high level of adhesion
performance [2], where the adhesion of the setae arrays are
strongly influenced by direction of motion, angle, and pre-
load [33,34], this slipping adhesion is significantly affected
by motion directions and preload. The aim of this paper is to
fabricate a gecko-inspired micro-setae array for use in a
TDOF robot.

1 Materials and methods

1.1 Templates and materials

A Cu-based template was made using spark-erosion perfo-
rating technology: the inclined linear array was obtained by
angling the wire-electrode at 45° to the planar Cu surface.
The negative pore pattern (radius 0.5 mm) was then perfo-
rated by spark-erosion inside the convex linear array. The
crystalline Si templates were etched by argon ion plasma
etching (Alcatel 601E, France) to a nominal pore depth of
30 um. The crystalline Si had p-type (1 0 0) orientation with
an electrical resistivity of 0.01 Q cm. The radii of the de-
signed mask were 5, 10, and 15 pm, with pitches of 20, 30,
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and 30 pm, respectively. PDMS (Sylgard 184) was obtained
from Dow Corning (USA). PU (PX223HT) was obtained
from Axson (France). Other reagents were reagent grade
and were used without further purification.

1.2 Fabricating the primary setae

A uniform primary seta array was prepared based on an
optimization of former techniques [29]. The PU precursor
(mass ratio of 1:1) was poured into a polytetrafluoroeth-
ylene vessel, and cured after coating the Cu-based mold.
The mold-pattered PU membrane was then cut to match the
Cu-based negative template. The PDMS precursor (8:1
polymer:crosslinker) [35] was poured onto the Cu-based
template along one side, and left for 2 h to ensure complete
wetting by the colloidal PDMS. The mold-patterned PU
membrane was coated to prevent the PDMS colloid diffus-
ing. The PDMS precursor was cured at 50°C for 4 h, and
removed carefully from the template to produce the primary
setae array.

1.3 Fabricating the hierarchical setae

The 0.5 g PDMS colloid was poured onto a 3-inch planar Si
surface for 5 min diffusion (Figure 1) and then placed under
a vacuum with the Si template cleaned using Piranha solu-
tion (Figure 1(a)). After 10 min of pump (Edwards RVS,
England) evacuation, the Si template was coated onto the
planar Si surface. When the vacuum was relieved, the pres-
sure of air forced the PDMS colloid into the Si template
(Figure 1(b)). After removal from the template, the surface
PDMS colloid, the Si template and the PDMS colloid were
placed into an oven for curing (Figure 1(c)). After curing,
the thin PDMS membrane was removed from the Si
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Figure 1 Schematic illustration of fabricating hierarchical micro-setae.
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template surface over a period of 48 h using plasma cleaner
(PDC-VP2, USA) (Figure 1(d)). The secondary setae are
formed inside Si template.

A PDMS colloid membrane (mass ratio 20:1) was coated
onto another clean planar Si surface using spin-coating
(KW-5, China) at 3000 r/min for 2 min. The resultant pri-
mary setae (Section 2.2) were carefully placed onto this
colloid membrane (Figure 1(e)), and removed after contact-
ing the PDMS colloid, thus the tip of each seta has a small
amount PDMS colloid on it (Figure 1(f)). By pressing this
setae array onto the surface (Figure 1(d)) using a specially
designed clamp (Figure 1(g)), after curing for 4 h at 50°C,
the secondary setae were firmly bonded on the ends of the
primary setae. The Si template was etched with a solution of
HF (40%):HNOj; (concentrated) (volume ratio of 1:1) for 3
min at room temperature, thus forming a double-level setae
array (Figure 1(f)).

1.4 Observing morphologies

The morphologies of the primary setae were observed by
3D optical microscopy (Keyence, VHX-600). The topo-
graphical structures of the Si template and hierarchical
morphologies of the setae were observed by scanning elec-
tron microscopy (SEM) (LEO-1530VP, Germany) by using
a Schottky field emission source. The setae samples were
sputtered with gold particles (~10 nm) prior to SEM obser-
vations.

1.5 Testing adhesion performances

All the adhesion experiments were done using a flat-on-flat
tribometer (UMT-2, CETR, USA). A polished crystalline Si
plate (12 mmx25 mm) was used as the upper mating plane,
setae samples (6 mmx8 mm), containing 20 primary setae
(4x5) were mounted on the substrate table. A complete
measuring cycle comprises three stages: loading, slipping,
and off-loading. During the loading stage, the upper sample
approached the setae surface at a constant speed of 0.1
mm/s, and was kept in contact for 10 s. During the slipping
stage, the upper sample was moved forwards, backwards,
and at an inclined angle (8°-10°) under preloads varying
from 0.5 to 25 mN. After the slipping stage, the upper sam-
ple was lifted, and the preload was decreased to zero. The
data on the adhesive properties were collected by computer.
Three measurements were taken to calculate a mean value.
Three hierarchical setae arrays, derived the nature of the
secondary setae were identified (1) radius 15 pm, pitch 30
um, (2) radius 10 pm, pitch 30 pm, and (3) radius 5 pm, pitch
20 pm.

2 Results and discussion

2.1 Characterizations of the primary setae

A 3D optical microscope can integrate images taken at var-
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ying depths into one 3D image by using embedding soft-
ware-confocal microscopy. Figure 2 shows well defined 3D
optical images of primary setae. Similarly to Cu-based tem-
plate, the seta radius is a nominal 0.5 mm, with a mean
height of 3.2 mm. The setac have relatively even ends —
necessary if a uniform hierarchical seta array is to be fabri-
cated. Each seta end is inclined at an angle of 45° to the
supporting surface, and at an angle of 30° to the long axis of
the seta rod. The rod is inclined at an angle of 75° to the
supporting surface, which is consistent with angle of
60°-75° observed on the gecko [29,30].

2.2 Characterizations of the hierarchical setae

Compared to the Cu-based template, the Si-based template
exhibits much finer topographical detail, which is below the
resolution of an optical microscope, necessitating the use of
SEM. As an example, plan view and cross-sectional SEM
images of template for sample 1 are shown in Figure 3(a)
and (b). A large number of regular pores can be seen in the
plan view (Figure 3(a)), with radii of 15 um, and a pitch of
30 pm. In Figure 3(b), the pore depths are nearly identical,
at around 30 pm, but there is greater variation in the pore
radii due to inherent process variation in the plasma etching.
Figure 3(c) and (d) presented the plan view SEM images
of sample 1. In Figure 3(c), one double-level seta is clearly
shown. Except for some upright secondary setae, many
secondary setae have collapsed and buckled because the
strong capillary tension generated during the process of
drying, which causes adjacent micro-setae to buckle. An-
other cause of collapse is the effect of impact of gold parti-
cles (10 nm) during sputter coating. The substrate mounting
of the setae sample was rotated to obtain clear SEM images
of the morphologies of the secondary setae due to the incli-
nation of the seta rods. In Figure 3(d), the setae have a mean
radius of 13 um, which is slightly less than that of
Si-template; the mean pitch is around 39 pum, which is
slightly more than that of Si-template. These changes prob-
ably come from the curing and mold unloading processes.
During curing, H, gas may be released resulting from the
cross-linking reaction, which will inevitably occupy some
space inside the Si template. During demolding, the PDMS
elastomer may be slightly corroded by the etching solution.
To avoid detachment of the secondary setae, strong
bonding is necessary. According to the supplier (Dow

Figure 2 Optical images of the primary setae (a) top-view; (b) cross-
sectional view.
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Figure 3 SEM images of the secondary setae and their templates. Top-view (a) and cross-sectional view (b) of Si template; top-view images of the dou-
ble-level setae leaning 75° to supporting surface (c) and the secondary setae leaning 45° to supporting surface (d).

Corning), the main content of polymer is polymethylvi-
nylsiloxane (PMVS), and the crosslinker is polymethylhy-
drosiloxane (PMHS). The usual weight ratio for the com-
ponents is 10:1, and since PMVS and PMHS have equal
active functions, the cross-linking reaction can proceed to
completion. Typical hydrosilylation is shown in Figure 4.

When the ratio is greater than 10:1, for example 20:1,
after curing, excess vinyl groups remain in the elastomer.
Conversely, when the ratio is less than 1:10, for example
8:1, the silicone hydride group is in excess and residues
remain after curing. Due to a high rate of diffusivity, sili-
cone molecules can easily enter the PDMS membrane by
thermal diffusion [35]. Thus the diffused silicone molecules
can take the hydrosilylation reaction and the associated ac-
tive functions inside PDMS membrane, thus improving the
mechanical properties of the PDMS elastomer [35]. There-
fore, the vinyl rich PDMS colloid from the 20:1 formula-
tion can take part in hydrosilylation with the Si-H rich

/CH=m H

/
v O-Si— 0w 4 v O-Si— 0w

Me Me

PMVS PMHS

Figure 4 Typical reaction equation of PMVS and PMHS.

PDMS precursor from the 8:1 formulation, bonding the
primary and the secondary setae. To avoid a “welded”
structure, the thickness of the PDMS colloid (20:1) should
be kept to a minimum.

The formulation of the etching solution plays an im-
portant role, because pure HF may not dissolve the crystal-
line Si template, whilst an etching solution with a high
HNOj; concentration may corrode the PDMS elastomer. We
have determined that a volume ratio of 1:1 (HF:HNO3) is
optimal, and that an etching time of around 3 min is re-
quired. The etching is finished once the black crystalline Si
is completely gone.

2.3 Determinations of adhesions

The degree of adhesion is influenced by slipping distance, so
a 2D force sensor was used to collect the adhesion data over a
slipping distance of 3 mm under preloads of 0.5-25 mN.

CH,—CH Cé)
Pt (0 2 LM
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From our measurements, maximum shear and normal adhe-
sion are generated at preloads of 13 mN. Therefore, adhe-
sion data from under 13 mN is shown in Figure 5. To eval-
uate the adhesive strength, we adopted the area of the pri-
mary setae to act as the apparent contact area. Since each
individual seta has an area of 0.464 mmz, the total area of
20 primary setae is 9.28 mm®. Considering radius and pitch,
the absolute contact area of samples 1-3 were 1.86, 0.85,
0.46 mm®. The maximum adhesive strengths are listed in
Table 1.

In Figure 5, all the shear and normal adhesion curves ex-
hibited show similar trends, initially rapidly increasing up to
a slipping distance of 1.0 mm, followed by a slight decrease
at a slipping distance of 1.0 mm, finally reaching a constant
value when the slipping distance is greater than 1.2 mm.
The shear adhesions vary significantly between samples.
Maximum shear adhesion appears at 1.0 mm, with values of
51.08, 38.86, and 27.41 mN for samples 1-3. The corre-
sponding maximum shear adhesion strengths are 2.75, 4.57,
and 5.96 N/cm’, and the stable shear adhesion strengths are
1.71,2.76, and 3.20 N/cm’.

As with shear adhesion, the maximum normal adhesions
appear at a slipping distance of 1.0 mm. Therefore, both
shear and normal adhesion demonstrate the “slipping adhe-
sion” effect, which is also observed in geckos [2]. Unlike
shear adhesion, the adhesions of the seta arrays measured in
the normal direction do not vary much. From Figure 5(b)
and Table 1, all the maximum normal adhesion forces are
about 10.8 mN, whereas the corresponding shear adhesion
strengths are 0.58, 1.27, and 2.35 N/cmz, and the stable ad-
hesion strengths are 0.44, 0.97, and 1.79 N/em?.

60
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2.4 Evolutions of shear adhesions

Since the normal adhesions are relatively weak, and show
little variation, the variation of shear adhesion with preload
is significant. Additionally, as the primary setae are inclined
at an angle of 75° to the supporting surface, adhesion is
influenced by the direction of motion. Therefore, forward,
backward, and inclined movements were adopted to evalu-
ate the adhesion performances of the seta arrays under var-
ying preload, and those results are shown in Figure 6.

In Figure 6(a)—(c), when the upper sample is moved in
the forward and inclined directions, the generated shear
adhesions have similar trends. Adhesion increases with in-
creasing preload between 0.5-13 mN, and the maximum
adhesion is at 13 mN. When the preload is greater than 13
mN, the adhesion gradually decreases. When the upper
sample is moved backwards, the generated shear adhesion
increases with increasing preload. As an example, the
maximum adhesion of sample 1 is 50.51 mN at a preload of
13 mN for forward motion, 45.50 mN at a preload of 13 mN
for inclined motion, and 10.27 mN at a preload of 25 mN or
backward motion. The adhesion strengths are 2.72, 2.45,
and 0.55 N/cm?, respectively. The adhesion forces of for
fward and inclined motions are similar at 4.9 and 4.4 times
greater than for backward motion. These significant differ-
ences are related to the direction of motion. Forward motion
is in the direction of inclination, so the contact area is stable,
thus generating strong adhesion. For inclined motion, this is
no longer the case and adhesion is slightly decreased. In
backward motion, adhesion is significantly decreased be-
cause motion opposes the direction of inclination. Therefore,

MNormal force (mN)

00 05 10 15 20 25 30
Distance (mm)

Figure 5 Slipping adhesion curves of sample 1-3 under the preload of 13 mN (a) shear adhesion; (b) normal adhesion.

Table 1 Adhesion data of the sample 1-3 under the preload of 13 mN

Maximum shear adhesion

Maximum shear adhesion strength

Maximum normal

Sample Cor(ltactzarea (mN) (N/em?) Mzg(;ml}m nor;]nal adhesion strength
mm’) Forward Inclined Backward Forward Inclined Backward adhesion (mN) (N/cmz)
1 1.86 51.08 45.50 10.27 2.75 2.45 0.55 10.8 0.58
2 0.85 38.86 34.39 9.25 4.57 4.05 1.09 10.8 1.27
3 0.46 27.41 23.67 8.20 5.96 5.15 1.78 10.8 2.35
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Figure 6 Comparisons of shear adhesions. (a) Sample 1; (b) sample 2; (c) sample 3; (d) column diagrams of the maximum adhesion strengths. Those mean
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like the gecko, the resultant seta arrays have anisotropic
adhesion.

The maximum shear adhesions of samples 2 and 3 are
shown in Figure 6(b) and (c). For sample 2, the maximum
adhesions are 38.86, 34.39, and 9.25 mN in the three modes
of motion. Forward is 4.2 times and inclined 3.7 times the
magnitude of backwards. For sample 3, the maximum adhe-
sions are 26.78, 23.67, and 12.10 mN. Forward is 2.2 times
and inclined, 2.0 times the magnitude of backwards. These
results are completely consistent with the Johnson-
Kendall-Robert (JKR) theory [36]. According to which,
Fc=1.5nRy, Fc represents the adhesion force, R is the
equivalent radius, y represents the equivalent surface energy.
Due to the constitution the PDMS being kept constant, the
change of adhesion mainly results from change in contact
area. From Table 1, the contact area of sample 1 is the largest,
which is 2.18 times of sample 2, and 4.26 times of sample 3.

The maximum adhesion strengths of samples 1-3 under
three modes of motion are shown in Figure 6(d). The adhe-
sion strengths measured under forward motion are larger
than those of inclined motion, which in turn are larger than
those of backward motion. For the secondary setae samples,

the adhesion strengths of sample 3 are larger than those of
sample 2, which are larger than those of sample 1. These
results are consistent with the “contact splitting” principle
[37]. If one spherical large contact area is subdivided into n
smaller contacts, with an identical apparent contact area, the
adhesion force rises by a factor n'2, Therefore, an array of
setae with a small radius will generate strong adhesion. This
is because the flexibility of a seta is closely related to its
radius, with a seta with a small radius having a high degree
of flexibility, allowing a larger effective contact area and
hence, adhesion. Additionally, as the radius, pitch, and as-
pect-ratio are varying, the resultant setae arrays exhibit dif-
ferent collapse and self-buckling properties [38], with con-
siderable influence on absolute contact areas. To optimize a
seta array for adhesion performance, ideally to match that of
a gecko, more work is required.

3 Conclusions

By using advanced spark-erosion perforating technology
and an argon ion plasma etching technique, we have fabri-
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cated sub-millimeter-scale Cu-based and micro-scale Si
templates. Three types of hierarchical gecko-inspired setae
arrays were successfully prepared by casting using these
templates. Adhesion test results demonstrated: (a) the shear
adhesion significantly increases, then, slightly decreases,
finally reaching a stable state with increasing slipping dis-
tance; (b) adhesion under forward motion are larger than
those measured under inclined motion, which in turn are
much larger than those of backward motion, demonstrating
that the resultant seta arrays have anisotropic adhesion per-
formance like a real gecko; (c) the normal adhesion linearly
increases when the preload is less than 13 mN, and slightly
decreases when the preload is more than 13 mN; (d) the
adhesive performance of secondary setae are vary. Seta with
a large end area generates a strong apparent adhesion force,
whilst seta with the small end area generates the strong ad-
hesion strength.

This work was supported by the National Natural Science Foundation of
China (50805076, 60910007), Doctoral Fund of Ministry of Education of
China (200802871043) and Science Research Foundations of Nanjing
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