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Gecko-Inspired Dry Adhesive for Robotic Applications
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Most geckos can rapidly attach and detach from almost any kind of
surface. This ability is attributed to the hierarchical structure of their feet
(involving toe pads, setal arrays, and spatulae), and how they are moved
(articulated) to generate strong adhesion and friction forces on grip-
ping that rapidly relax on releasing. Inspired by the gecko’s bioadhesive
system, various structured surfaces have been fabricated suitable for
robotic applications. In this study, x-y—z asymmetric, micrometer-sized
rectangular flaps composed of polydimethylsiloxane (PDMS) were fabri-
cated using massively parallel micro-electromechanical systems (MEMS)
techniques with the intention of creating directionally responsive, high-
to-low frictional-adhesion toe pads exhibiting properties similar to those
found in geckos. Using a surface forces apparatus (SFA), the friction and
adhesion forces of both vertical (symmetric) and angled/tilted (x—y-z
asymmetric) microflaps under various loading, unloading and shearing
conditlons were investigated. It was found that the anisotropic structure
of tilted microflaps gives very different adhesion and tribological forces
when articulated along different x—y—z directions: high friction and adhe-
sion forces when articulated in the y—z plane along the tilt (+y) direction,
which is also the direction of motion, and weak friction and adhesion
forces when articulated against the tilt (~y) direction. These results
demonstrate that asymmetric angled structures, as occur in geckos, are
required to enable the gecko to optimize the requirements of high fric-
tion and adhesion on gripping, and low frictional-adhesion on releasing.
These properties are intimately coupled to a (also optimum) articulation
mechanism. We discuss how both of these features can be simultane-

ously optimized in the design of robotic systems that can mimic the gecko

adhesive system.

1. Introduction

Geckos have a remarkable climbing ability
by using a vast array of multi-scale hierar-
chical structures. The hierarchical struc-
ture of the feet of Tokay geckos is shown
in Figure 1. Each gecko foot has 5 toes;
each toe has about 20 arrays (lamellae) of
micrometer-scale hair (setae), with each
seta being ~5 pm in diameter and approxi-
mately 110 um in length on average.
Each seta splits into 100-1000 nano-scale
spatula, of 200 nm length and width at the
tip, forming the fine structure of the gecko
adhesive system.[!l These spatulae, by con-
forming to both micro- and nano-scale
asperities, achieve a large true area of con-
tact, so that geckos can adhere to different
surfaces via the weak van der Waals force
together with other types of noncovalent
forces such as capillary forces.>3] Recent
experiments demonstrate that under cer-
tain environmental conditions the gecko
adhesive pads, by changing their hydro-
phobicity under humid conditions, also
have the ability to exploit environmental
conditions to maximize their adhesion and
stabilize their friction forces.>

The van der Waals force is weak for a
single small contact such as a spatula, but
this force can be substantial when summed
over the large contact area created by all the
available spatulae. Measurements on the
gecko have reported that the surface area of
the two front feet is able to generate a total
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friction force of ~20 N, an average shear force per seta of ~6.2 uN.P!
Tests on single setae showed that the shear force could reach as
high as 194 uN.I°l Small scale tests often give high forces that are
often not attainable in large scale tests because of the inability of
all the spatulae to make sufficient contact with other surfaces,
even on ones that are smooth.” This problem is amplified for
the animal in its natural environment where surfaces, such as
bark and rock, can contain varying degrees of roughness. The
effect of roughness on the adhesion of elastic plates has been
investigated theoretically.®! However, there has been no sys-
tematic study of the effect of roughness on friction.

Theoretical approaches have also shown that both the van
der Waals adhesion and the friction forces of flexible, tilted,
and optimally spaced setal stalks or synthetic pillars are high
enough to support a human being on rough surfaces such as
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Tokay gecko

Seta Spatula

Figure 1. Hierarchical structures of a Tokay gecko. a) Optical image of a Tokay gecko at rest.
b) A gecko foot. c) A gecko toe. d) Scanning electron microscope images of a setal array,
e) the spatula pads, and f) a magnified view of a spatula pad. Reproduced with permission.['Z

Copyright National Academy of Sciences of the USA, 2006.

ceilings (adhesion) and walls (friction) with an estimated effec-
tive area of 230 cm?, close to the total area of a human being’s
hands and feet.[111]

Another key feature of the gecko adhesion system is the
significant high reversible adhesion and friction (i.e., rapid
sticking and unsticking, as occurs during rapid running on
walls or ceilings). The fast detachment is achieved by the
highly specialized peeling mechanism of the toes.l'*!3] Fur-
ther, recent experimental and theoretical findings have dem-
onstrated that the setae on the gecko’s feet are angled so as
to naturally exhibit anisotropy in their adhesion and friction
forces when engaged and displaced along opposing direc-
tions.'314 The setae are ~5 um wide and ~110 um in length,
and start at an angle of 45° with respect to the skin. Upon
attachment (in the shear gripping motion), the setae bend
down as the toes grip the substrate and the setae are pulled
closer to the surface, which gives high adhesion and friction.
To detach (in the shear releasing motion), the toes peel away
from the surface, and the setae bend back to reduce both
adhesion and friction forces.

The extraordinary climbing ability of geckos has inspired
extensive studies in designing dry, responsive adhesive
systems and robots. Various kinds of patterned surfaces of
different shapes and materials with micro- to nano-scale
structures have been fabricated.['>~!%] These structures mainly
focus on enhancing adhesion properties. While some other
attempts focus on both friction and adhesion, they com-
monly use cylindrical micro-fibers, which only provide a line
contact with the adhering surface when sheared, limiting the
real surface area of contact for van der Waals forces.[?0-23l
The classic Johnson-Kendall-Roberts (JKR) theory has been
extensively applied to various bio-adhesion systems.!>?+2%]
The adhesion force between a sphere of radius r and a plane
is given by

3
Fad = ETL’T \VIZ (1)
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Where Wi, = y1+ y2 — Y12 is the thermo-
dynamic work of adhesion, and Y1, Y2, and
Y12 are the surface and interfacial energies of
two interacting surfaces.

The lateral force or the friction force is even
more important when the gecko climbs on
walls. A general equation that describes the fric-
tion force, F}, between two adhesive surfaces is

FII = IJFL + ScAreal (2)

where F| is the normal load, u is the friction
coefficient, S is the shear strength, and A,
is the real contact area. The first term of
Equation 2 is Amontons’ law for non-adhering
surfaces, and it dominates the friction at
high loads. The second term is the adhesion-
dependent contribution, which is propor-
tional to the ‘real molecular contact area. It
exists at zero and even negative loads so long
as two surfaces are still in contact over a finite
area. For the gecko adhesion system, the load
contribution is very small, and the adhesion
contribution therefore dominates the friction force.

In this study, vertical (Figure 2a) and pre-angled (Figure 2b)
PDMS microflap structures mimicking the angled setae structure
of the gecko feet were manufactured using micro-fabrication
techniques. We have developed a new SFA (surface forces appa-
ratus) 3D force displacement attachment to investigate the adhe-
sion and friction properties of both microflaps. We found that
the tilted flap-structure could provide strong frictional adhesion
that mimics the gecko adhesion system.

2. Experimental Section

2.1. Fabrication

Large arrays of both vertical and angled microflap structures
have been fabricated using microfabrication techniques. To

(b)

Figure 2. Scanning electron microscope (SEM) images of a) vertical
PDMS flaps, b) ~20° angled PDMS flaps of 10.2 um height, with a bulged
out region due to undercut in PMGI negative mold (marked by the oval).
In all images, the +x directions are the directions parallel to the long
edge of the flaps; the +y direction is the direction of tilt of the flaps, also
the “gripping” direction, and the direction of motion; the —y direction is
the “releasing” direction; -z is the (vertical) loading direction, and +z
is the unloading direction. Articulation of the feet (toe pads and setae)
occur in the y-z plane.

Adv. Funct. Mater. 2011, XX, 1-9
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9. Etch silicon wafer in Bosch DRIE
system using oxide mask

Figure 3. Schematic of the microfabrication process used to fabricate a negative silicon mold for vertical (symmetric) PDMS microflaps. A two stage

lithography process was used to increase the area coverage of the flaps.

fabricate the vertical flaps, a negative silicon mold was prepared
by first defining the flap lateral dimensions by lithography in
an i-line stepper (GCA 6300, Refurbished by RTS Technologies,
Doylestown, PA), and then etching into a single crystal silicon
wafer up to the desired depth using the Bosch deep reactive ion
etching (DRIE) process.

To increase (double) the areal density of the flap structures
using the same lithographic mask, this process was slightly
modified (Figure 3). A 0.5 um thick layer of silicon oxide was
deposited on a clean silicon wafer using a plasma-enhanced
chemical vapor deposition (PECVD) system. An approximately
1.0 um thick layer of AZ 5214, an image reversal photoresist
(AZ Electronic Materials, Branchburg, NJ), was spin coated over
the wafer, and slots for flaps, 4 um by 10 um in lateral dimen-
sion, were defined by lithography. The oxide layer exposed in
these slots was etched away in a CHF; plasma using an induc-
tively coupled plasma reactive ion etching system (ICP-RIE).
The photoresist layer was now stripped away using Microposit
1165 photoresist stripping solution. A fresh coat of AZ 5214
photoresist was applied to the cleaned and dried wafer and a
second set of slots for flaps was subsequently defined using
lithography, the second set of flaps being offset symmetrically
from the first in the interstitial spaces. The exposed oxide layer
was again etched away using the same ICP etch process. After
stripping off the photoresist from the second lithography step,
the cleaned and dried wafer was ready for the silicon etch step
in the Bosch DRIE system, with the patterned oxide layer acting
as an effective etch mask. The micro-scale rectangular slots
were vertically etched to a depth of 15 um in the Bosch DRIE
system.

The negative mold fabricated by this method was then pre-
pared for PDMS molding by vapor depositing a silane layer.

Adv. Funct. Mater. 2011, XX, 1-9
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PDMS (Sylgard 184, Dow Corning, Midland, MI) was mixed in
a 10:1 ratio by weight with a crosslinker, and poured over the
negative mold. This was degassed and then cured at 100 °C for
10 min in a convection oven to fully cure the PDMS. The two
materials were then separated by carefully peeling off the cured
PDMS, resulting in cm-scale PDMS samples with microflaps
and a silicon mold that could be reused.

Fabrication of angled flaps necessitated development of a
different microfabrication technique (Figure 4). To fabricate
large arrays of angled microflap structures over cm-scale areas,
an angled exposure for lithography was used, requiring the
use of a non-reflective glass substrate wafer. A clean and dry
glass wafer was coated with a photoresist bilayer — first with
a ~10 pm thick layer of polymethylglutarimide (PMGI) posi-
tive tone photoresist (PMGI SF-15, MicroChem Corp., Newton,
MA), and then with a top layer of AZ 5214 image reversal
photoresist approximately 1.4 um thick. The desired thickness
for the PMGI SF-15 layer was obtained by applying two coats
of the photoresist at a low spin speed of 1000 rpm, with a short
soft bake of 1 min at 200 °C between the two coats.

The two photoresist materials are sensitive to different
wavelengths of UV light, PMGI to the deep UV range of wave-
lengths between 200 and 260 nm, and AZ 5214 to the i-line
UV wavelength of 365 nm. The flap lateral dimensions were
defined in the i-line lithography step used to pattern the AZ
5214 imaging resist layer on top. After developing this resist
in AZ 400 K developer (at 1:4 dilution), rinsing in DI water and
drying, the sample was mounted at an angle in a deep UV flood
exposure system. The angle chosen for mounting the sample is
related to the final angle obtained in the PMGI layer by Snell's
law for refraction at the air-PMGI interface (refractive index for
PMGI ~1.54). The patterned AZ 5214 layer atop the PMGI sets
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‘UV‘ 2.2. Adhesion and Friction Testing

Imaging Resist

Deep UV ¢ l Photomask ‘

In order to quantify the adhesion and fric-
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a 3D displacement and force sensing probe

1. Coat glass wafer with 2. Expose top imaging resist in 3. Develop and pattern attachment for the surface forces apparatus
photoresist bilayer stepper aligner with i-line UV imaging resist layer

(SFA) 2000 was developed (Figure 5). The
new attachment can generate both normal
and lateral movement of surfaces, and meas-
ures the resulting normal and lateral forces
independently.l?%] Tt was designed to let us do
both load/pull and load/drag/pull tests of the
o fabricated structures on a small scale with a
contact area of around 0.1~1 mm?. The actual

% contact area depends on the applied load.

4. Mount at desired angle and flood 5. Develop deep UV resist to The bottom disk is mounted in a normal load

expose in deep UV system form negative angled mold sensor in the SFA 2000. The sensor has 4 f()ﬂ

Figure 4. Schematic of the microfabrication process used to fabricate a negative mold for ~ Strain gauges (Vishay Micro- Measurements)
angled (tilted, asymmetric) PDMS microflaps. A two stage lithography process was used, the  glued symmetrically to the bending arms
lateral features being defined by the first stage (steps 1to 3 in the schematic), the angle ¢ being  of the double cantilever spring, forming a

set by the second stage (steps 4 and 5). A glass wafer was used as the substrate to minimize
reflections during the angled exposure step 4.
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Deep UV

Light out

. . Cantilever
the lateral dimensions of the angled flaps by springs Clamp
acting as a mask during the deep UV flood  [T7T
exposure step. Both the total exposure time

(at a constant lamp power of 1000 W) and @ @
the total develop step time (in PMGI 101 |: o S

developer-MicroChem Corp., Newton, MA)

were tuned to increase the depth to thickness |—_|

aspect ratio of the angled slots while mini- Eiisiten cEviee

mizing undercut. These parameters were Single

further improved by dividing the PMGI expo- gggglgver Coil
sure step of 2700 seconds and the develop Strain spring
step of 7 min into a series of six equally long gaugeg | Main

exposure and develop steps. This process MO

Force \ stage
enabled fabrication of angled flaps ~10 um in Springs -
height (10.8 um measured along the tilt) and /
~4 um thick, with an angle of ~20° from the gglehé%lg? / :'
vertical. :

Before molding PDMS flaps using the nght n
PMGI negative molds, the durability of the
molds were increased (to facilitate reuse) by TOP VIEW

hard baking the patterned PMGI resist at I II
ar a mg e pa erne resist a VD

110 °C for 1 min. The molds were also then Surfaces stage

L——|

exposed to an oxygen plasma for 2 min, fol- ©) =)

lowed by deposition of a silane layer to facili- (

tate easy peel-off. PDMS molding was then E@ / @ @

done using the same scheme described ear- & @

lier for molding vertical flaps with silicon ~—1

negative molds, taking care to only peel with // I—

the direction of tilt to avoid damage to the I v

angled flaps and to the photoresist mold.
Ongoing fabrication efforts are aimed Single cantilever

at further increasing the aspect ratio and springs

reducing the undercut in the PMGI layer, Figure 5. Schematic of the experimental set-up showing the main features of the 3D force-

which translates as a bulged out region in the displacement-sensor attachment to the SFA 2000. This attachment allows 3D translation and

PDMS flaps (as seen in Figure 2b). (independent) force sensing.

Attachment
base
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Wheatstone bridge strain gauge system. When a normal force
is applied to the surfaces, the strain gauges are used to measure
the deflection of the spring with a signal conditioning ampli-
fier (Vishay Measurements, 2300), which outputs the signal to
either a computer data acquisition system or a chart recorder.
The voltage signal is then calibrated against the weight. The top
surface is held by a friction device that can move laterally with a
sliding distance of between 200 and 500 pm. Driven by a revers-
ible DC motor, the friction device can slide the upper disk back
and forth smoothly with respect to the lower disk at different
constant or variable speeds using a function generator. With
the same force sensing mechanism as the normal load sensor,
the friction device can measure the lateral shearing force (fric-
tion) during the sliding of the top surface.

The adhesion and friction tests were done with a spherical
glass disk compressed/sliding against an opposing microflap/
polymer substrate. Before the experiment, a thin PDMS sheet
with fabricated PDMS microflaps was glued onto a flat glass
disk. The disk was then mounted into the normal load sensor
of a SFA box for further measurement. A spherical glass disk
with a radius of 2 cm was mounted to the top friction device.
Prior to use, the glass disks were soaked in chloroform (EMD
Chemical Inc., Gibbstown, NJ) for 1 day and then rinsed thor-
oughly with ethanol followed by drying in dry nitrogen gas.

In the SFA experiment, the spherical glass disk was first
pressed against the PDMS microflaps at a constant speed of
about 0.06 um s~! until a desired load was reached. To measure
the adhesion forces, the two surfaces were separated from each

www.afm-journal.de

other at an angle perpendicular to the bottom surface at the same
speed. In the friction measurement, a square wave voltage func-
tion with peak to peak voltage of 20 V was applied to the dc motor
to shear the upper surface at a constant velocity of + 20 um s
The spherical disk slid a distance of 200 um forwards and
backwards in the direction perpendicular to the long or short
edges of the fabricated flaps. The friction test was repeated on
the flaps geometry eight to ten times at the same spot. When
the sliding concluded, the adhesion after sliding was measured
during the separation of two surfaces.

3. Results and Discussion
3.1. Vertical Flaps

The vertical PDMS microflaps (Figure 6a) exhibit strong adhe-
sion against the glass surface, as shown in Figure 6b. During
testing the vertical pillars were compressed axially until they
either buckle or are slightly bent over due to the curvature of the
sphere. Upon separation, strong adhesion was evident by the
rapid jump of the output voltage of the normal load sensor in
the SFA setup. No adhesion was measured with a zero preload,
which is due to the geometry of our experimental setup: the
flaps need to deform elastically in order to make a larger con-
tact area with the upper sphere disk, and a finite preload is
therefore required. At low loads (F, <5 mN), the adhesion force

(a) Load,F, @ ﬁAdheswn, Fad EE‘ 50 (b) = — 400k (c)
VU _ - = _
Sosl TS S - £ [ *Ydirection ”V“LO///{ 1
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Figure 6. Adhesion forces F,q, and friction forces F, of the vertical (symmetric, not tilted) PDMS flaps. a) Schematic of a single vertical flap under a
normal load and shear force. b) Adhesion forces, F,q of the vertical flaps as a function of the preload force. c) Friction forces £F, in both the £x and +y
directions as functions of the load, F, . The vertical flaps exhibit isotropic friction in both the +x and ty directions, but these are different (anisotropic)
in the x- versus the y-directions. The friction is purely ‘load-controlled’ in the +x directions (along the long flap edges), while in the %y directions the
friction is ‘adhesion-controlled’ at low loads (F, < 15 mN), becoming more load-controlled at higher loads. d) The friction trace in the x directions
shows stick—slip spikes. e) No stick—slip spikes are recorded when sliding in the y directions.

Adv. Funct. Mater. 2011, XX, 1-9 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

6  wileyonlinelibrary.com

increases rapidly with increasing load; the increase continues
but becomes much slower at higher loads. A larger F, gives
rise to a larger elastic deformation of the PDMS flaps, resulting
in a higher number of contacts as well as larger contact area of
a single contact and therefore greater adhesion.

Strong anisotropic frictional behaviors were observed while
sliding the upper glass disk along differently directions of the
vertical flaps. Sliding in the £x direction, perpendicular to the
smaller face, shows only load-controlled friction where the fric-
tion force F is directly proportional to the normal load F, with
a friction coefficient of 7.9 (Figure 6¢). While sliding towards
the large edge of flaps, in the *y direction, F; is adhesion-
controlled at loads less than 15 mN, indicated by the nonlinear
relationship between F; and F,. When F, > 15 mN, a linear
dependence of F; on F, is measured with a load controlled fric-
tion coefficient of 4.0. Higher F; was measured when sliding
along the y direction at low F,, which also demonstrates the
adhesion contribution on the friction. Since preload is required
to generate adhesion, as indicated in the adhesion test, no F is
measured when F, =0.

Interestingly, sliding in the +x direction also gave very reg-
ular stick—slip, Figure 6d, whereas no regular stick slip spikes
were observed while sliding in the +y direction, Figure 6e. The
width of the microflaps is about 2.5 times bigger than the thick-
ness and therefore the stiffness along the smaller face of the
flaps is much higher. Our SFA results demonstrate that this
anisotropic stiffness of the PDMS microflaps in different direc-
tions is crucial to both the friction and adhesion properties of
the vertical flaps. For a small deflection, assuming that defor-
mation is governed by small-deflection cantilever bending, the
stiffness of a vertical flap is

3EI
k=T ()

where E = 0.75 MPa is the elastic modulus of the crosslinked
PDMS, L is the height of the flap, and I is the area moment of
inertia. I can be calculated by

bh?
I'=— (4)

where b is the width along the bending direction and h is the
thickness in the bending direction. Using the size of the ver-
tical PDMS flaps fabricated, we can get Iy = 0.333 x 107! m*
and Iy =0.053 x 1072!m*. The stiffness of the vertical flaps
is proportional to the area moment of inertia, ka I. A single
vertical flap is therefore 6 times stiffer in the +x direction than
in the +y direction. Due to this higher stiffness, the flaps are
hard to deform elastically in the £x direction, which causes the
stick—slip spikes during sliding. This stick—slip motion could
be explained by the surface topology model of stick-slip: as the
sphere disk hits a new array of flaps during sliding, a resisting
force is generated by the elastic deformation of flaps, causing
the sticking of the glass disk.[’” However, once the driving force
overcomes the peak resisting force, the upper surface will slide
down rapidly to the next array of flaps, resulting in a slip. The
regular patterns give very regular stick—slip spikes in the fric-
tion trace. In the surface topology model, a stiffer material will

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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lead to shorter slips due to the shorter recoil to the elastic equi-
librium, which allows sticking to more of the smaller asperities.
Therefore, stick—slip motion is only observed during the sliding
in the £x direction, whereas no regular stick-slip is observed
in the *y direction due to the low stiffness of the flaps in that
direction. The high stiffness also prevents a large contact area
between the spherical glass disk and the microflaps, and there-
fore eliminates strong adhesion between surfaces, which would
explain the pure load-controlled behavior of the friction when
sliding along the *x direction. The smaller stiffness along the
large face makes the flaps easier to bend over during sliding,
which gives rise to a larger contact area and thus causes the
adhesion-controlled friction at low normal loads.

3.2. Angled Flaps

The angled flaps tested by the SFA are ~10 um in height and
are tilted by about 20° from the vertical (Figure 7a). Highly ani-
sotropic frictional behaviors were observed during the friction
test. The friction of the flaps sliding along the +x direction is
again mainly load-controlled. F; is proportional to F, with a
friction coefficient of ~3. The large width of the flaps gives high
bending stiffness and therefore a small contact area during
sliding, which limits the adhesion between the flaps and the
glass disk. The SEM image also shows that the top surface of
the flaps is very rough, which further eliminates the real con-
tact area and the adhesion. On the other hand, strong adhesion-
controlled friction was evident while moving the glass surface
in the forward y direction, +y direction. The tilted angle makes
the flaps easier to bend over elastically along the +y direction
while sliding towards the tilted angle. This elastic deformation
results in a larger contact area, therefore giving stronger adhe-
sion. Because of the adhesion contribution to the total friction
force, sliding along the +y direction had higher F; at low F,.
However, at high F, (F, > 10 mN), the sliding friction in the
x direction increases faster than in the +y direction (Figure 7b).
The easier bend over of the flaps in the +y direction leads to
a smaller resistance while sliding, resulting in a lower friction
coefficient, p .y, than the friction coefficient, ux, in the +x direc-
tion. At low load, although sliding along the +x direction gives a
higher friction coefficient, the load contribution is small, and the
adhesion controlled friction dominates the total friction force,
which results in an overall higher friction force for the +y direc-
tion sliding. At high F,, however, the load contribution wins
out over the adhesion contribution, uxF, > puyy F1 + S Areal,
and therefore the friction force in the +x direction is higher
in this regime. The friction force in the y direction is also very
anisotropic: sliding along the +y direction gives a much higher
friction force than sliding in the —y direction (backward direc-
tion) under the same preload (Figure 7b). Similar behavior was
also found in the friction test of a single gecko seta.l'®]

Unlike the vertical flaps, which showed strong adhesion after
applied normal loads without sliding, the angled flaps did not
show strong adhesion in the stationary adhesion test. The adhe-
sion force was very low and never exceeded 0.1 mN for preloads
between 0.8 and 6.5 mN. The small adhesion in the stationary
adhesion test could be due to the effect of surface roughness.
SEM images show that the top edge of the flaps is very rough.

Adv. Funct. Mater. 2011, XX, 1-9
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Figure 7. a) Schematic of a single angled long flap. The block arrows
show the normal load and the shear force in the y directions as func-
tions of the load. b) The friction forces of the angled flaps when sliding in
the +x and %y directions. c) Sliding along the x directions gives almost a
constant but weak adhesion regardless of the preload. In the y direction,
the tilt angle strongly affects the adhesion: sliding along the +y direction
enhances the adhesion force, while moving in the —y direction gives the
lowest adhesion values, even lower than in the x direction.

Although we cannot estimate exactly the roughness of the top

edge, the SEM images clearly show asperities on the order of
hundreds of nanometers. This surface roughness could eliminate

Adv. Funct. Mater. 2011, XX, 1-9

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

the real contact area. Although the real adhesion probably slightly
increases with increasing the preload, the increase is very small
and cannot be measured by our current experimental setup.

Sliding of the two surfaces, meanwhile, gave much stronger
adhesion forces. To test the effect of sliding, the upper glass disk
was first slid back and forth for 8 cycles, and the friction force
was measured during the sliding. After stopping the sliding
of the upper disk, the two surfaces were separated slowly by a
motor and the adhesion force was recorded. Our results show
that the adhesion strongly depends on the sliding direction. The
adhesion force measured after sliding along the x direction
increases slightly with increasing F, and then levels off at high
F, with a maximum adhesion of ~0.7 mN. There is no direc-
tional dependence while sliding in the +x direction; stopping
sliding along either the forward direction (+x direction) or the
backward direction (—x direction) gave the same adhesion force
under the same load. Since in the +x direction the flaps are not
angled, this isotropic behavior is expected. On the other hand,
sliding in the +y direction, the adhesion force exhibits strong
directional dependence. Sliding in the +y direction significantly
enhanced the adhesion force even at low load. Sliding forward
ata small load of F, =1.7 mN already gave an adhesion force of
~0.72 mN, a value that is even higher than the largest adhesion
values measured at higher loads for both the cases of no sliding
and of sliding along the *x direction. Under higher loads,
sliding forward resulted in even higher adhesion before the
force reaches a plateau at around 1.6 mN (Figure 7d). However,
only weak adhesion forces (less than 0.4 mN) were measured
during the separation after sliding in the —y direction, and the
forces were almost a constant for the different loads tested.

The role of the tilted angle has been explained by Autumn
et al.?® The tilted angle gives rise to an anisotropic stiffness
of the flaps. The displacement of an angled flap with a tilted
angle j under a normal load F, and a shear force F; could be
estimated by

3

Aalpprox = 3EI[FLCOS ( ) + FH Sll’l((p) COS((p)] (5)

The stiffness of the flaps is therefore

P Fy
LL[F. cos?(g) + F) sin(p) cos()] (©)

approx i

In the above equations, take the positive sign if sheared in
the direction of tilt (the +y direction), and negative if sheared
in the opposite direction (the —y direction). This simple model
predicts the anisotropic stiffness of the angled flaps: sliding
against the direction of tilted direction gives higher stiffness,
and sliding in the tilt direction results in lower stiffness.

This direction dependent stiffness strongly affects the adhe-
sion properties of the flaps (Figure 8). For only the normal adhe-
sion test without shearing, due to the top surface roughness of
the flaps, the flaps only make point contacts with the glass sur-
face. The small contact area results in small adhesion that is
insensitive to preload. Our observation also agrees with previous
SFA experiments on randomly rough surfaces, which demon-
strated that the adhesion between a randomly rough surface
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Figure 8. Schematic of the frictional adhesion mechanism of the angled
flaps. a) The glass surface makes only point contact with the flaps due
to the surface roughness of the flaps when only a normal load is applied.
b) Sliding in the gripping direction (the +y direction) causes the flaps to
bend over. The flaps are pulled towards the glass surface, giving a large
contact area and high adhesion. c) Sliding in the releasing direction (the
-y direction), the flaps are pulled away from the glass surface.

and a molecularly smooth bare mica surface decreased expo-
nentially with increasing roughness and the adhesion did not
increase significantly with increasing loads at high root mean
square roughness (RMS).?%3% During testing with sliding in
the +y direction, the flaps, pre-angled in the fabrication process,
bend down easily as they slide over the glass surface, leading
to a large contact area. This increase of contact area can give
rise to both high adhesion and friction. In our SFA test, this
increase of contact area was observed to lead to a two to eight
fold increase of adhesion over the pure adhesion test result. At
low loads, strong adhesion causes adhesion-controlled friction,
which gives much higher friction forces. While sliding in the
-y direction, the flaps are sheared backward. The tilted angle
of the flaps prevents large bending over to the backward direc-
tion, and therefore the flaps are pulled away from the surface,
leading to a smaller contact area and smaller adhesion and fric-
tion. Frictional adhesion is the unique mechanism applied by
the gecko to achieve its extraordinary climbing ability. In many
robotic applications, the problem is making adhesives that can
rapidly detach from the surface rather than simply strongly
adhering to the surface. By careful design of the geometrical
and mechanical properties of the microflaps, we can apply the
same mechanism to artificial dry adhesives, which could solve
this problem perfectly by using the same approach as nature.
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4, Conclusion

Our experimental results demonstrate how surfaces with direc-
tionally oriented or tilted structures can generate anisotropic
adhesion and friction when articulated in a specific manner,
thus, the tilted micro flaps give rise to both strong friction and
adhesion forces when sliding along the tilted direction, and
low friction and adhesion forces when sliding against the tilted
direction. This appears to be the method employed by geckos
allowing them to run on the (vertical) walls and (horizontal)
ceilings: the anisotropic, directionally tilted flaps provide simul-
taneous strong adhesion and friction for attachment (in the
gripping stage) and weak adhesion and friction for detachment
(in the releasing stage) during a step cycle. The anisotropy built
into the design allows for controllability and switchability by
varying the flap dimensions, density, tilt angle, and shearing
direction. These results may be the first step to generate a
quantitative scaling model for fabricating gecko-mimetic feet
structures for designing responsive adhesives and climbing
robotics applications.
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