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Abstract

The observation of the pedal foot of the red abalone Haliotis rufescens reveals the presence of micrometer-scaled setae terminating in
nanometer-sized cylindrical fibrils, with some resemblance to those found on the gecko foot. Atomic force microscopy (AFM) pull-off
force measurements on a single seta are compared with theoretical estimates for van der Waals attraction obtained through the Johnson—
Kendall-Roberts (JKR) equation, approximately 600 nN, and show agreement. The use of the JKR equation is justified through an anal-
ysis of the shape of the fibril extremities (parabolic) as well as their diameter (~200 nm). Measurements under varying humidity condi-
tions indicate that additional capillary interactions play a role, since the pull-off force increases with humidity. It is proposed that both
van der Waals and capillary forces play a role in the attachment mechanism of H. rufescens, effectively enabling suction to reach its the-
oretical limit. Bulk pull-off force measurements on entire live animals yield an average detachment stress of 115 kPa, consistent with the-
oretical estimates. The setae and nanoscale fibril terminations enable compliance to surfaces with a variety of roughnesses, effectively

sealing the interface, in addition to providing capillary and van der Waals forces.
© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Numerous organisms have the ability to functionally
adhere to surfaces. Geckos, for example, have received sig-
nificant attention for their ability to climb smooth vertical
surfaces employing van der Waals and capillary forces gen-
erated by nanoscaled fibrils on their feet [1-4]. Addition-
ally, similar adhesive mechanisms have been found in a
variety of other land animals, such as tree frogs [5,6] and
insects [7]. Barnes [6] classifies attachment devices in ani-
mals into interlocking, friction and bonding. Interlocking
is the mechanism by which felines climb trees. This is a
strictly mechanical process and can be accomplished by
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penetrating the surface with sharp claws. Friction consists
of the microinterlocking of the surfaces because of their
roughness and intermolecular forces between materials
and requires an angle that is below 90°. Bonding involves
the formation of bonds between the animal and the surface
and has three possible mechanisms acting separately or
together: wet adhesion (capillarity), dry adhesion (van
der Waals) and suction (through reduced internal
pressure).

The reusability and versatility of natural attachment
devices on a variety of surfaces under varying conditions
[8,9] has an efficiency not yet matched in modern technol-
ogy. Thus, a number of efforts to synthetically mimic these
natural attachment devices are currently under way (e.g.
[10-23]). Of special significance is the recent development
of a gecko-inspired tissue adhesive for biomedical applica-
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tions by Langer and co-workers [17]. They demonstrated
that gecko-inspired arrays of pillars of polyglycerol seba-
cate acrylate provided attachment under water. This tape
is proposed as a biodegradable polymer adhesive to tissue.
The adhesion was tested in vitro to porcine intestine and
in vivo to rat abdominal muscle. Carbon nanotube arrays
have also been proposed to form fibrillar arrays and have
self-cleaning properties due to an extreme hydrophobicity
[16]. The effects of angled fibrilar attachments have also
been investigated and it was demonstrated to have an
important bearing. The angular array of fibrils has been
biomimicked by Yao et al. [19] using polydimethylsiloxane
arrays and by Lee et al. [20] using polypropylene arrays.
Greiner et al. [21] and del Campo et al. [22] produced hier-
archically structured polydimethylsiloxane with two scales
and explored its advantages.

Complex fibrous hyperstructures, which vary in hierar-
chy, dimensions and material properties, are the key to
these devices [23,24]. The structures have been found to
produce intimate contacts with surfaces creating interac-
tions at the molecular level. To date, this specific mecha-
nism in nature has only been observed in land species.
Marine organisms such as mussels, octopi and sea stars
have been found to employ alternative mechanisms for
adhesion, such as suction or quick-acting protein-based
glues [25-29].

This article provides evidence that van der Waals forces,
acting in combination with capillary forces as a result of
nanofibrils, may contribute to the strong adhesion exhib-
ited by a marine species, the abalone. The scope of applica-
tions for future synthetic nanofibril attachment devices
thus broadens to include use in wet environments, opening
the door to applications ranging from marine engineering
to biomedical sciences.

2. Experimental methods

In vivo macromechanical tests of the bulk pull-off force
of adult abalone feet were performed. The tests were con-
ducted on live abalone with an average foot area of
5.5 x 10 m? The animals were held in an open water
facility in the Hubbs Hall Laboratory at the Scripps Insti-
tute of Oceanography, La Jolla, CA prior to testing. A
three-pronged steel jaw was used to clamp the abalone
shells; its other end was attached to a cable that was fed
through a pulley to a platform on which weights were
incrementally placed. The detachment force was measured
on a smooth, painted tank in which the abalone had been
held for over a year before testing.

For SEM characterization, small pieces of abalone foot
(~5mm x 5mm x 3 mm) were carefully cut without alter-
ing the surface. Samples were dried using the critical point
drying procedure, with the structure maintained through-
out the process. They were then mounted on aluminum
sample holders and coated with a thin layer of gold in a
sputter coater. A field emission scanning electron micro-
scope equipped for electron—dispersive spectroscopy

(FEI-XL30, FEI Company, OR, USA) was used. In order
to get high-magnification and high-resolution images, a
high vacuum mode was used instead of the environmental
mode.

For testing with an atomic force microscope (AFM), the
method developed by Huber et al. for use with individual
gecko setae was used [8,30]. Samples of tissue from the foot
of the abalone were dried by critical point drying, allowing
preservation of the sample structure. Single abalone setae
were attached to AFM cantilevers using an optical micro-
scope and micrometer stage. Each seta was glued to the
end of a contact mode cantilever (Veeco NP-20) with a
spring constant of 0.58 Nm ™.

The sample preparation procedure for atomic force
microscopy testing is outlined next. First, the AFM tip
was brought into contact with the tip of a needle covered
with ultraviolet (UV)-hardening glue, allowing the glue to
cover the tip of the cantilever. Then the tip of the cantilever
was positioned over a single seta on the abalone foot tissue.
When the seta was in contact with the cantilever tip, UV
light was used to harden the glue, thereby producing a firm
connection between the seta and the cantilever tip. Finally,
the seta was sheared off the foot tissue.

The pull-off force for a single seta was measured perpen-
dicular to a hydrophilic (silicon oxide) and a hydrophobic
(carbon coated thin film disks) substrate. The water contact
angle was determined to be 48° for the hydrophilic material
and 98° for the hydrophobic material. The roughness aver-
age (R,) of the hydrophilic material was 0.8 nm and that of
the hydrophobic material was 0.4 nm. The AFM was
placed in a sealed enclosure to allow controlled humidity
variation within the testing environment. Dry nitrogen
was introduced in the AFM chamber to reduce the humid-
ity, which was measured by a hydroscope.

3. Results and discussion
3.1. Abalone foot characterization

Fig. 1A shows an abalone supporting its own weight via
a single contact point (a human finger). The size of a pedal
foot of red abalone (Haliotis rufescens) is shown in Fig. 1B
(scale in mm). The dark pedal folds, spaced approximately
0.5 mm apart, are the source of locomotion waves used in
transportation [31,32]. Fig. 1C shows a high-magnification
scanning electron microscopy (SEM) image of the cross-
section of the sole tissue. Folds can be seen clearly as the
way in which the surface area of the foot can expand and
contract, allowing an increase or decrease in contact sur-
face area and providing the mechanism for the propagation
of waves on the ventral surface of the pedal muscle [31]. At
higher magnification, Fig. 2A shows setae lining the outer
surface of the tissue with a thickness of ~2 um. At their
extremities (Fig. 2B), the setae separate into nanoscaled
fibrils with rounded ends, averaging 200 nm in diameter
and uniaxially aligned perpendicular to the plane of the
foot tissue.
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Fig. 1. Optical images of abalone foot: (A) an abalone sticking to a
human finger using only a fraction of its foot; (B) an abalone foot attached
to a glass plate, showing its dimensions (scale in mm) and (C) cross-section
of the foot pedal. The surface of the foot can expand and contract through
folds.

The angle of alignment of setae and nanofibrils relative
to the attached substrate is critical in the attachment pro-
cess. Fig. 3A provides an SEM image of a cleaved section
of pedal foot tissue at the interface between the tissue
and an attached piece of kelp. The kelp extends downward
from the upper right-hand quadrant of the image, while
setae can be observed to extend upward perpendicular to

Fig. 2. SEM images showing detailed nature of foot surface with fibers
terminating in nanofibrils: (A) ventral side of tissue consisting of fibers
100 um in length and 2 pm in diameter, called setae and (B) nanofibrils
with ~200 nm diameters.

the interface. Fig. 3B shows the alignment of the nanofi-
brils as they extend outward from the setae; strong uniaxial
alignment throughout the various levels of structural hier-
archy can be observed.

3.2. Analysis of shape of fibril extremities

Fig. 4 shows a close-up of the fibril extremities. They
have a rounded shape with a diameter of approximately
200 nm. Fibril extremities have been previously analyzed
by Gao and Yao [33,34], who showed this shape to have
an important effect on the van der Waals forces. They rep-
resented the extremity shape by the two-dimensional math-
ematical power law equation (since there is axial symmetry
to the shape):

rn
) = (1)
where z(r) represents the curve, r is the radial distance from
the axis of symmetry, R is a characteristic length and n is a
parameter (n > 0). Fig. SA shows the predicted shapes as a
function of n, which varies from 1 to 8. For n = 1, the tip is
conical; as n increases, the tip flattens. Several extremity
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Fig. 3. SEM images of: (A) the interface between the pedal foot tissue and
an attached substrate (kelp), with the alignment of the setae perpendicular
to the substrate and (B) cross-section of the foot tissue in high
magnification showing the uniaxial alignment between neighbouring
nanofibrils.

profiles traced from six fibrils observed by SEM are shown
in Fig. 5B. Table 1 shows the best fit parameter n. It fluc-
tuates from 1.93 to 2.48, with an average of 2.13. This is
close to n =2, a value for which Eq. (1) reduces to:

z(r) = %rz (2)

This is a parabola.

The three best equations for contact mechanics stem
from the Johnson-Kendall-Roberts (JKR) [35], Derja-
guin—Muller-Toporov [36] and Maugis—-Dugdale [37,38]
models. Yao and Gao [34] compare the three theories and
develop the general expression of the pull-off force, P,, for
an extremity shape given by the power function (Eq. (1)):

B 20— 1\ [3r(1/2 4+ n/2)
Fe= x/2—7?<n+ 1) V2T (1 +n/2)

y E/("*z)/(z”*l)R3(n71)/(2n71)A,y(n+1)/(2n71) (3)

3
(2n—1)

Fig. 4. High-magnification field-emission SEM images of abalone fibrils
showing the diameter is ~200 nm.

where E' is the biaxial elastic modulus (=E/(1 — V7)), Ay is
the surface energy and I is the gamma function. For n = 2,
the elastic modulus term disappears and Eq. (3) reduces it-
self to:

3

Pc = nRA; (4)
since
r{/2)=+n and F(3/2):g

This is the JKR form of the pull-off force equation.

3.3. Theoretical approximation of van der Waals forces in
the abalone foot

In the case of the abalone, we observe from Fig. 2B the
presence of roughly 25 effective nanofibrils per pm?, giving
an areal density of 2.5 x 10'* nanofibrils m~2. Thus, an
abalone with an area of 5.5 x 107> m? contains approxi-
mately 1.38 x 10" nanofibrils. This value can be used to
predict the pull-off force of the entire abalone foot assum-
ing that the molecular interaction between the nanofibrils
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Fig. 5. (A) Power law surfaces z = "/nR". The parabolic case n =2 fits
the contact surface of abalone fibrils best and (B) the surface geometry of
several abalone fibrils.

Table 1
Fibril extremity parameters from the Yao-Gao [33,34] equation (power
law surface).

n Asymmetry (%)

1 222 0.18
2 2.48 0.41
3 2.18 0.35
4 1.94 0.26
5 2.05 0.17
6 1.93 0.21
Average 2.134+0.21

and a substrate is the primary mechanism of adhesion. It is
shown in Section 3.2 that the JKR theory [35] can be
applied to the fibril extremities of the abalone foot.

To estimate the contribution of the van der Waals inter-
action, the interfacial energy can be calculated as:

A

_ 5
24nD? (5)

Ay
where 4 is the material-dependent Hamaker constant and
Dy is the cutoff distance. Dy = 0.165 nm is a universal con-
stant and can be used for most materials [39]. The Ha-
maker constants for polymeric materials are 4.5 x 1072 J
for PDMS [40], 6.1 x 1072J for polyester [40],
6.6 x 1072 J for polystyrene [39] and 7.8 x 1072 J for poly-
vinyl chloride [39]. Using an average of 6 x 1072 J for the
Hamaker constant 4 and 0.165 nm for D, the interfacial
energy Ay is 30 mJ m 2. The tip has parabolic geometry,
and the radius is measured to be 75 nm from Fig. 4. Using
Eq. (4), the contact force of a single nanofibril can be cal-
culated to be 10 nN, which is in good agreement with the
pull-off force of individual gecko spatulae by AFM [30].
The pull-off force for a seta with 2.5 um? tip area (contain-
ing 60 nanofibrils) is 600 nN. The total attractive force due
to van der Waals interactions along the foot of a typical
abalone can be approximated by multiplying the force
per nanofibril by the total number of nanofibrils. For a
foot area of 5.5 x 107> m? one obtains a total force of
1.32 kN, corresponding to a stress of approximately,
240 kPa.

3.4. Force estimation of a single seta during perpendicular
pull-off using an AFM

AFM pull-off force measurements using force—distance
curves of a single seta were performed using an approach
developed by Huber et al. [8,30] for the gecko foot. As seen
from Fig. 6, no glue was attached to the cantilever beam.
The measurements were done with the same seta. Fig. 7
shows a typical force—distance measurement used to deter-
mine the pull-off force. First, the seta was brought into
close proximity to the testing surface. This distance was
reduced (points A and B) until the AFM tip “snaps” into
contact (point B). Further movement of the AFM tip
towards the surface causes perpendicular preloading of
the seta onto the silicone substrate (point C). After reach-

Fig. 6. Single abalone seta terminating in a nanofibril bundle attached to
an AFM cantilever tip.
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Fig. 7. Force-distance measurement using AFM to determine the pull-off
force.

ing point C, the tip was retracted from the surface until the
pull-off force exceeds the adhesion force between the seta
and the surface (point E). At that point, the AFM tip sep-
arates from the surface (line E and F). The cantilever
deflection between E and F can provide a quantitative mea-
sure for the adhesion force at the interface. The measure-
ments were conducted for values between 10% and 67%
humidity to study its effect on possible capillary forces.
Fig. 8 shows that the pull-off force increases with
increasing humidity for the hydrophilic material while for
the hydrophobic material it remains constant. In the case
of the hydrophobic material, the average pull-off force
was determined to be 294 nN, which remained constant
under varying humidity. The number of nanofibrils on a
single seta in contact with the surface was estimated to be
60; this corresponds to an adhesion force of approximately

600 m
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Fig. 8. The pull-off force for a single seta on a hydrophilic material
(silicon oxide) and a hydrophobic material (carbon coated magnetic disk)
as a function of humidity.

5nN per nanofibril. This estimate is in good agreement
with the theoretical results of 10 nN calculated using the
JKR equation (Section 3.3).

When the seta was tested on a hydrophilic substrate at a
relative humidity of 10%, the pull-off force was observed to
be 424 nN. This represents an increased force of 130 nN
relative to the test on the hydrophobic substrate, which
can be partially explained by the difference in the surface
energies of the two substrates (20 and 55.5mJm > for
the disk and silicon oxide, respectively). The increase in
pull-off force is not as high as one would predict from
the difference in surface energy and therefore other factors
may be playing a role. However, raising the relative humid-
ity to 67% resulted in an additional increase in pull-off
force to 558 nN. Similar to predictions by Autumn et al.
[3] and the work by Huber et al. [8] for the gecko foot, this
shows evidence of capillary interactions. The influence of a
meniscus fluid between a fiber and a substrate is increas-
ingly significant with decreased liquid—surface contact
angle, i.e. a hydrophilic substrate should favor more capil-
lary interactions than a hydrophobic one. This is clearly
seen in Fig. 8.

3.5. Bulk mechanical testing of pull-off force of the abalone
foot

Seven abalone specimens were tested, providing an aver-
age pull-off stress of 115 kPa with a standard deviation of
19 kPa. This is of the same order as the theoretical stress
of 240 kPa calculated from van der Waals forces. It should
be clarified that it is not proposed that this is the sole result
of van der Waals forces, as will be shown in Section 3.6.
Fig. 9 shows the results of the individual tests plotted in
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Fig. 9. Cumulative distribution (failure probability) as a function of
perpendicular pull-off stresses of the entire abalone (Weibull distribution
superimposed on experimental results).
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a Weibull fashion. The distribution of pull-off stresses is
seen.

3.6. Attachment hierarchy

The characterization of the abalone foot pedal and the
mechanical tests suggest that the three mechanisms (van
der Waals, capillarity and suction) act cooperatively (and
perhaps synergistically). The attachment forces generated
by suction are explained schematically in Fig. 10A. The
detachment force F, is equal to:

Fy=PA (6)

where P is the pressure and A is the projected area of the
abalone foot on the plane of the surface of attachment.
Assuming that the effect of the water column is negligible,
i.e. P = P,,, we obtain the mean attachment stress as,
04 = % = Pym = 101 kPa (7)
Figs. 10B and 10C show schematically how the three
mechanisms can operate cooperatively to create attach-
ment stress of the same order of magnitude as the theoret-
ical suction stress. The setae and nanofibrils maintain
intimate contact with any irregular surface, closing any
possible channels and impeding water penetration. The
pressure at the interface, Py, is equal to P,y when no exter-
nal detachment force is applied. As F,; increases, Py

A Fq
\ \ l { ' Pamn
\ E—-"'_L —‘—'—‘..__ ‘ "’
v T~/
\ ,/. = Abalone shell X ~
/ \

.; 53 a " % 3 ‘. 161..- B ¥
e R
B Conforming Pedul Fool Setae

Limited Fluid Flow

Fig. 10. Schematic diagram of: (A) force balance (the detachment force is
equal and opposite to the force created by atmospheric pressure); (B)
conforming pedal foot, limiting water flow and (C) non-conforming
material, allowing water flow.

decreases. Once it becomes zero, detachment occurs.
Fig. 10C shows the situation for a non-conforming mate-
rial: a continuous fluid path to the interface region ensures
pressure equilibration around the animal and effectively
eliminates suction. It is proposed that capillarity and van
der Waals forces can maintain the intimate contact
between the ventral side of the foot pedal and the attach-
ment surface; in this manner the suction force can reach
and even exceed P,,A. This is indeed suggested by some
of the results presented in Fig. 9, exceeding 101 kPa.

4. Conclusions

Evidence of van der Waals and capillary forces through
nanofibrils was observed in the attachment of abalone.
SEM shows a structural hierarchy analogous to that of
the gecko foot, with setae fibers of approximately 2 pm
diameter terminating in bundles of nanofibrils uniaxially
aligned with individual diameters of approximately
200 nm. The Yao—Gao [33,34] analysis was applied to the
fibril terminations, which were found to have a parabolic
shape. This enables the application of the JKR equation.
Both bulk mechanical test measurements and atomic force
measurements show close agreement to theoretical results
obtained based on the JKR equation, which predicts a
pull-off force of 10 nN for a single nanofibril. Experimental
measurements by AFM show a pull-off force of 5 nN per
nanofibril from a hydrophobic substrate. Mechanical
pull-off measurements showed an average pull-off stress
of 115kPa for abalone with an averaging foot area of
5.5x 102 m? AFM testing at different humidity levels
shows evidence of capillary effects in combination with
van der Waals interactions. Although AFM testing was
conducted in an environment below 100% humidity, the
results provide insight into the attachment mechanisms
applied by the red abalone.

It is justifiable to conjecture that both van der Waals
and capillarity forces enable the foot pedal to match differ-
ent surface profiles so that attachment through suction can
be maximized. This ensures survival of the abalone against
predatory actions. It is proposed that, as in the case of the
gecko, these nanofibrils create intimate contacts at the
molecular level to form van der Waals interactions which
can be accumulated into a formidable macroscale effect.
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