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Abstract

Dry adhesion systems adhere via physical bonds without any significant contri-
bution from a liquid medium. In nature, these systems are found among the foot-
pads of spiders, lizards and many other small animals, with high adhesion force,
low detachment force and self-cleaning properties. These features are highly
interesting for biomimetic man-made adhesives. Heavy animals have an adhe-
sion force much higher than its muscle force, and to enable detachment, they
have evolved a functional surface with hair-like structures called setae. Each seta
branches into numerous microcontact elements that interact with the contacting
area.

This thesis continue on previous work, analyzing the functional surface in terms
of contact geometries and stress distribution, and considers, for the first time,
the effect of thermal fluctuations. Numerical and analytical results show how the
muscle force is concentrated to a small fraction of the adhesion area, where each
microcontact element is trapped in a potential well.

The rate of detachment depends on the maximal concentration of stress across the
microcontacts. When a seta is axially loaded, the concentration of stress is mini-
mized, whereas radial loading amplifies the concentration of stress by a factor of
maximum 68 and enable detachment with the animal’s limited muscle force.

The results give theoretical insight in the adhesion and detachment of a func-
tional surface. This knowledge is valuable and can be considered when construct-
ing man-made adhesives with inspiration from nature’s dry adhesion solutions.
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1
Introduction

The adhesion between two surfaces is their ability to cling to each other through
forces that arise from geometrical (e.g. entaglement), chemical (e.g. ionic or cova-
lent bonds), and/or physical (e.g. hydrophilic-hydrophilic, van der Waals, liquid
bridge and more) interactions. Such mechanisms can be divided into wet and dry
adhesion. Wet adhesion is achieved by capillary forces or sticky fluids, familiar
from stickers or tape in daily life, and function through physical interactions via
an intermediate. On the other hand, dry adhesion make surfaces cling together
without the contribution of a medium. In this thesis, dry adhesion systems will
be investigated.

To fully understand adhesion, it is necessary to study the microscopic as well as
the macroscopic structure of an adhesive system. It has been previously found
that in dry adhesion, the contacting surface is divided into numerous microscopic
points of contact which contribute with small adhesive forces and cooperatively
generate the adhesion between the surfaces.

In nature, many organisms such as beetles, spiders and lizards have evolved
pad adhesion systems with a high adhesion force, a low detachment force, and
self-cleaning and anti-self-adhesion properties [Autumn, 2006b]. This enables
both light-weight species and species with a considerable mass, up to 0.3 kg, to
smoothly climb vertical walls and ceilings [Autumn, 2006b]. The forces active
in such adhesion systems has been previously investigated [Autumn and Peattie,
2002, Autumn, 2006b]. In those papers, it is argued that a dry adhesion mech-
anism based on van der Waals forces is the main type of interaction responsible
for adhesion. The van der Waals force is strongly dependent on the distance
between surfaces, and it increases with the polarizability of the two contacting
materials [Autumn, 2006b]. This is consistent with the observation that gecko

1



2 1 Introduction

lizards adhere poorly to polytetrafluoroethylene (PTFE), which is a weakly polar-
izable material [Autumn, 2006b].

The adhesion strength between an animal’s adhesion pad and a surface depends
on several parameters of the structure of the adhesion pad at different levels of
organization, such as material stiffness, contact geometry and micro-contact ar-
rangement [Arzt et al., 2003, Parsaiyan et al., 2009, Bakker et al., 2012]. Contact
angles and locomotion mechanics, which are parameters an animal is able to ac-
tively control, are also important and result in a controllable adhesion force be-
tween the surfaces [Ainhong et al., 2011]. As the weight of the specimen increases,
the required adhesion force increases. In nature, the adhesion parameters have
been tuned to meet the requirements.

The microstructures of animal adhesion systems have been described incremen-
tally, starting well over a century ago. Rows of hair-like structures where, in some
species, each hair branches into a hierarchical structure were discovered with the
light microscope in 1904. Later, multiple split ends and triangular shaped ter-
minal nanostructures where discovered after the invention of the electron micro-
scope [Autumn, 2006b].

Today, there are ongoing attempts to design materials with surface patterns and
tip geometries inspired by those found in the nature [Campo and Arzt, 2007,
Hao et al., 2010], and large amounts of money are spent on efforts to develop
man-made materials with adhesion properties more specialized than existing ad-
hesives.

1.1 Adhesive interfaces in nature

In this discussion, we will refer to the macroscopic, mesoscopic and microscopic
levels, which in the gecko lizard corresponds to the lamellae, the setae and the
spatulae, respectively.

1.1.1 Macroscopic level of organization

The macroscopic features of adhesion systems are those that are visible to the
naked eye. For example, we see rows of so-called lamellae across the contacting
surface of each digit of gecko lizards, Figure 1.1, and a hairy puff called scopula
at the tips of the legs of some spider species [Foelix, 1996, Kesel et al., 2004].

The function of the macroscopic pattern in adhesion systems has not been much
investigated in existing literature, but might be a consequence of the mesoscopic
structures rather than having a function in its own right. The macroscopic lamel-
lae have an approximate width of 200 µm [Johnson and Russell, 2009], and pho-
tos show a curved shape of the lamella in lizards [Gravish et al., 2010, Autumn
and Peattie, 2002]; see the arrow in figure 1.1. This curved structure might arise
from the mechanical force applied by muscles during locomotion. The spider
scopula has a diameter of ∼200 µm, specialized to adhere to smooth surfaces,
and a set of claws for entanglement to rough surfaces. [Moon and Park, 2009]
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Figure 1.1: A close-up view of a gecko lizard on a glass surface shows several
distinct rows of lamellae (arrow) across each digit. Photo by Bjørn Christian
Tørrissen.

(a) (b) (c)

Figure 1.2: Adhesion macro-mechanics involves an attachment preload per-
pendicular to the surface, followed by shearing in parallel with the substrate.
The figure shows how the locomotion is acting on the mesoscopic seta struc-
ture, explained in section 1.1.2.

The adhesion systems in both gecko lizards and some spiders have a huge safety
factor, i.e. they are able to carry a weight many times greater than the weight
of the animal [Wolff and Gorb, 2012, Russell and Johnson, 2007]. Attachment
and detachment therefore need to be highly controlled mechanisms, which at
the macroscopic scale are initiated by movements of the foot to adhere to or re-
lease from a surface [Russell and Johnson, 2007]. In gecko lizards, it has been
documented that this mechanism includes both a preload perpendicular to the
surface, to establish an initial close contact to the substrate and initiate adhesion,
and a subsequent shearing motion parallel to the surface to further enhance ad-
hesion [Johnson and Russell, 2009, Varenberg et al., 2010].
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(a) (b)

Figure 1.3: a) Scanning Electron Microscope (SEM) image of lamellae. A
lamella (arrow) consists of ten to twenty rows of setae, seen in figure b. b)
Each seta (vertical arrow) is branched into thinner structures (horizontal ar-
row). SEM images by Oskar Gellerbrant.

1.1.2 Mesoscopic level of organization

For spiders, beetles and lizards, where dry adhesive systems are found, adhe-
sion depends on the total contact area between the contacting surface and the
substrate. The largest fraction of the nominal contact area which is actually in
contact is achieved by a contacting surface that follows the topography of the
substrate closely. In gecko lizards, each lamella consists of ten to twenty rows of
hair-like structures called setae [Johnson and Russell, 2009]. Each seta branches
into thinner hierarchical structures, and a single seta subdivides into 300 – 1000
branches [Johnson and Russell, 2009], see figure 1.3. Also, the spider’s scopula is
covered with numerous so-called setules, the corresponding structure in spiders,
but those are less branched than the setae of the gecko lizards [Kesel et al., 2003].

As compared to the spider, the more hierarchical structures of the adhesion sys-
tem of the lizard adhere more effectively to a rough surface since it is more com-
pliant and can follow a rough surface more closely to achieve higher effective con-
tact area [Russell and Johnson, 2007]. Conversely, the structures of the adhesion
system of the spider have fewer levels of hierarchy with larger seta substructures
to better adhere to smooth surfaces [Parsaiyan et al., 2009], but also have claws
for rough surface adhesion.

Images showing the mesoscopic structures of a gecko lizard adhesion system
reveal the hierarchical structures where the setae (length ∼100 µm [Bhushan
et al., 2006, Tian et al., 2006, Hao et al., 2010], radius ∼2-5 µm [Bhushan et al.,
2006, Gravish et al., 2010]) split into branches (length ∼25 µm, radius ∼0.5-1 µm
[Bhushan et al., 2006]). These substructures and their dimensions are listed in
table 1.1 in section 1.1.3 together with the dimensions of the microscopic contact
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Figure 1.4: Image of the spatula structure of a gecko lizard. The spatula
with the spatula shaft (horizontal arrow) and the triangular terminal ele-
ment (vertical arrow) are clearly visible. SEM image by Oskar Gellerbrant.

elements discussed in section 1.1.3.

The study of the mesoscopic level of organization by Johnson and Russel [Johnson
and Russell, 2009] reveals a difference in seta dimensions in lizards depending
on the position on the digit.

• For each lamella, the seta length increases and seta diameter decreases from
the center to the edge of the lamella.

• Branching of the setae starts at half of the total length. The branches all
curve to some extent and shorter branches fit against longer, see figure 1.4

• The maximum, minimum and mean seta length increase across the lamellae
from the palm to the tip of the digit.

1.1.3 Microscopic level of organization

The microscopic level of organization is the finest structure of a seta (lizard) and
setule (spider) at the length-scale up to one µm. The microscopic structures of
spiders and gecko lizards show prominent similarities. At the end section of the
setae, the thinner hierarchical structures are split into terminal elements called
spatulae, with a flat, triangular shape [Varenberg et al., 2010, Parsaiyan et al.,
2009, Autumn and Peattie, 2002, Gravish et al., 2010] in both the spider’s and
gecko’s adhesion systems. The spatula tip width of the spiders is ∼ 500 nm [Wolff
and Gorb, 2012] while the width is ∼ 200 nm for the larger lizards [Gravish et al.,
2010]. Those similarities, even if the size differs, imply convergent evolution
of the setae and the setules and, therefore, they may serve in the same manner
[Moon and Park, 2009].

Scanning Electron Microscope (SEM) images of the hierarchical adhesion systems
of animal footpads [Gao et al., 2005, Gravish et al., 2010, Autumn and Peattie,
2002, Parsaiyan et al., 2009, Varenberg et al., 2010, Johnson and Russell, 2009,
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Table 1.1: Dimensions of structures with values from references and esti-
mations from images. 1 [Bhushan et al., 2006, Tian et al., 2006, Hao et al.,
2010], 2[Bhushan et al., 2006, Tian et al., 2006, Hao et al., 2010], 3 [Bhushan
et al., 2006], 4 [Gravish et al., 2010], 5 [Gravish et al., 2010], 6[Gravish et al.,
2010], 7[Kesel et al., 2004], 8 [Kesel et al., 2004], 9 [Kesel et al., 2003, 2004],
10 [Kesel et al., 2003, 2004], 11 [Kesel et al., 2003, Wolff and Gorb, 2012], 12

Wolff and Gorb [2012]
Length [µm] Radius [µm] Thickness [µm]

Gecko Lizard
seta 30-130 1 2-5 2 -
spatula shaft 2-5 3 0.045 4 -
width of spatula tip 0.2 - 0.3 5 - 0.02 6

Spider
seta 150 - 200 7 - 0.5 8

setule shaft 2 - 5 9 0.03 - 0.08 10 -
width of tip of setule 0.5 11 - 0.04 12

Stork, 1983] show a regular surface pattern of setae down to a length scale of
approximately 50 µm. However, after the split end on the µm level, the arrange-
ment of spatulae seems to be more randomized. This might be due to physical
limitations or due to higher efficiency in a randomized pattern.

The smallest length-scale of the adhesion system is correlated to the ability to
adhere to surfaces with different surface roughness. This can be seen by compar-
ing the size of the mesoscopic and microscopic structures in lizards and spiders.
The smaller structures of a lizard’s adhesion system gives a larger effective con-
tact area to a rough surface [Parsaiyan et al., 2009, Wolff and Gorb, 2012]. For a
spider, where hooks are used for adhesion to a rough surface, the dry adhesion
system with larger structures is specialized for smooth surfaces [Foelix, 1996].

1.1.4 Similarities and differences between adhesion systems

Even though most adhesion systems in nature use some kind of sticky fluid, dry
adhesion systems have evolved among both arthropods and vertebrates in the
animal kingdom in a convergent evolution, where similar solutions evolve in un-
related lineages. A comparison between arthropod and vertebrate dry adhesion
system at the micrometer scale is given below.

Hierarchical structure Hierarchical structures are found in both gecko lizards
and spiders, with more hierarchical levels in lizards. This might be partly because
gecko adhesion system has to stick to almost any surface, whereas spiders have
complementary hooks for rough surfaces while the adhesion system is used on
smooth surfaces. Hierarchical structures enhance adhesion to rough surfaces by
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increasing the effective contact area.

Tip geometry A flat, triangular shape of the terminal element is found in both
spiders and gecko lizards, with a 1.5 - 2 times larger structure in spider speci-
mens. The edges of the spatulae in spiders are more notched, compared to the
more flat-edged gecko spatulas [Gravish et al., 2010, Wolff and Gorb, 2012].



8 1 Introduction

1.2 Problem description

The structures of the dry adhesion systems have been well-characterized in pre-
vious literature and a the adhesive force between contact element and different
substrates has been experimentally measured. Models that use available empir-
ical data for the detachment of a spatula have been presented, and describe the
adhesive failure using the experimentally measured adhesive force. However,
those models do not include the physical mechanisms present at the length scale
of the terminal elements, that is less than 200 nm.

In this work, we formulate a nanoscale model for adhesion and adhesive failure.
To achieve this, we consider the interaction potential between a microcontact and
a substrate. The depth of the potential well is then modified by the stress in the
microcontact, and the adhesive failure is triggered by thermal fluctuations. Ther-
mal fluctuations are vibrations present at nonzero temperature, where atoms and
molecules are continuously vibrating with a stochastic amplitude, which affect
intra- and intermolecular bonds [Evans and Ritchie, 1997]. The questions that
this thesis is focused on are:

• How can adhesion be modified dynamically during lizard/spider locomo-
tion?

• What is the contact geometry between contact element and substrate?

• How do adjacent contact elements combine to improve adhesion?

1.3 Limitations and scope

There are several adhesion solutions based on wet adhesives, e.g. sticky fluids,
found in insects and amphibians [Federle, 2006]. In this thesis, only dry adhe-
sion will be studied and mainly from the spider species Jumping Spider (Evarcha
arcuata) and the lizard species Tokay Gecko (Gekko gecko).

Macroscopic influences such as locomotion and length of leg segments are not
considered, and only the effects of forces on the micro structure are evaluated.

The friction from adhesion in a single contact element has been investigated in
previous literature [Gravish et al., 2010] and has been found to be large enough
to prevent sliding, however, macroscopic sliding still occurs due to intermittent
attachment and detachment of the contact elements. Friction and sliding will not
be discussed in this thesis.



2
Modeling and numerical simulations

Dry adhesion systems allow animals to rapidly move up and down a wall, inter-
act with many different materials and adapt to a varying surface roughness. For
this type of locomotion, there are two main requirements: a strong adhesive force
despite a limited pad area available to carry an animal’s weight, and the ability
to rapidly detach using a force limited by the animal’s muscle strength. This sec-
tion will present how a conflict between those requirements arises since a strong
adhesion force makes it more difficult to detach. We will use a combination of
numerical and analytical approaches to investigate the solution to this problem
at multiple scales down to the adhesion behavior of a single spatula.

2.1 Mesoscopic detachment process

2.1.1 Scaling observations

To estimate the order of magnitude of the traction, σw (force per unit area), that
must be developed by the adhesion system to support an animal’s mass, it is
tentatively assumed that the weight, Fw, of the animal is supported by an evenly
distributed traction at its footpads. In this section we are only concerned with
magnitude estimates. Therefore, the case of a purely normal traction will be
discussed; the case of purely tangential traction is similar. Assuming that the
weight scales with some characteristic length L of the animal, we have Fw ∝ L3.
Furthermore, assuming that the adhesion pad area is proportional to the square
of the same characteristic length and that the animal hangs upside down on a
horizontal surface, figure 2.1a, then the adhesion system must be able to produce
a traction σw ∝ Fw/L2. We thus have an estimate

σw ∝ L (2.1)

9



10 2 Modeling and numerical simulations

(a) (b) (c)

Figure 2.1: a) When hanging upside down or on a vertical wall, σw scales
linearly with the characteristic length. b) During detachment, the muscle
force must be balanced with σM , which does not scale with the characteristic
length. c) Comparison between the traction the adhesion system is able to
produce, σw, and the traction from muscle force, σM . The muscle force is
insufficient for detachment when an animal’s size exceeds a critical length,
L > Lc, at which point a functional surface is needed for detachment.

of the traction that must, at least, be produced.

Next, consider the situation when the animal is standing on a horizontal surface
and detaches its foot without the aid of gravitation, figure 2.1b. Assuming that
the muscle force FM is proportional to the muscle cross-sectional area, which is
assumed to be proportional to the square of the characteristic length, we have
FM ∝ L2. The traction that can be produced from muscle forces is σM ∝ FM /L2,
so that

σM ∝ L0 = 1. (2.2)

The foot will detach when the traction from the muscle force is larger than the
maximum traction that the adhesion system can produce, i.e. when σM > σw.

Figure 2.1c shows how σw and σM change when the typical size of a specimen
increases. As long as σw < σM , the muscle force can overcome the adhesion force.
However, when exceeding a critical length Lc, the muscle force is not by itself
able to overcome the traction induced from adhesion. Thereby, for animals with
characteristic length greater than Lc, the detachment process has to differ from
the straight normal pull-off with constant traction across the cross-sectional area
that was assumed here.

Next, let us consider a geometry allowing detachment despite the limitations dis-
cussed above, using a traction distribution that is not constant. For detachment,
geckos roll their tiptoes upward and backward [Tian et al., 2006], which results
in a gradient of normal traction in the attached area over lamellae and setae rows,



2.1 Mesoscopic detachment process 11

(a) (b)

(c)

Figure 2.2: Schematic sketch of traction gradients in the adhesion structure
during detachment a) Gecko toe which the lizard is rolling upward and back-
ward upon detachment, resulting in a traction gradient over lamellae and se-
tal rows. b) Magnification of figure 2.2a. The traction is distributed over the
large number of setae that cover the toe. c) Magnification of figure 2.2b. The
distal end of a single seta at the contacting surface. This results in a gradient
of normal traction over the contacting area, and detachment is initiated as
an edge crack which propagates.

figure 2.2a, where the normal traction on each seta will be nonuniformly dis-
tributed over its hundreds of terminal elements, figure 2.2c. By creating a trac-
tion concentration over a small area, detachment is initiated. Depending on the
geometry and structure of a seta, the distribution of traction will vary across the
surface; the next section includes a numerical study of possible traction distribu-
tion.

2.1.2 Mesoscopic numerical model

With a limited muscle force available for detachment, it is important how the
traction is distributed over the contacting area of a seta to understand both in-
tentional and unintentional detachment. Of particular interest is the part of the
contact area with maximum traction, since this will be the place where failure or
detachment is initiated. A numerical model will be used to calculate the traction
distribution across the contacting area of a seta, and how the maximal traction
in the contacting area is related to the magnitude and the direction of the force
applied to the shaft of the seta. The results will then be compared with a simple
analytical beam model.

In this section, a seta contacting a surface will be modeled using the finite ele-
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(a) (b)

Figure 2.3: a) A square box of linear elastic material is subject to a displace-
ment δ at the top of the body and fixed nodes at the bottom. b) A model
using the finite element method shows how tractions are concentrated to
the corners and edges of the body. Green indicates the regions with highest
stresses and blue regions with the lowest stresses.

ment method. The seta is modeled as a three-dimensional, linearly elastic body,
and the surface as a rigid body. Knowing the forces at the top of the seta struc-
ture (the part attached in the rest of the animal) does not mean that the traction
distribution over the contacting area is analytically available. This is illustrated
in figure 2.3, where a square box is subjected to a prescribed displacement at its
top and bottom. A force applied to a body with fixed nodes will induce traction
concentrations in the corners and along edges of the structure, thus we would gen-
erally expect a nonlinear distribution of traction in the adhesion area. Therefore,
a numerical model will be implemented in ANSYS [ANSYS, 2011] to simulate the
traction in the adhesion area of a seta. The numerical results will be compared
to a simple analytical model, where a linear traction gradient across the adhesion
area of the seta is assumed.

Material model

The structure of a seta is well investigated and estimates of material properties for
β-keratin, which the setae are comprised of, is available in the literature [Gravish
et al., 2010, Gao et al., 2005]. The main concern with defining a model for a
seta is the very detailed, complex, hierarchical structures, which would generate
an enormous numerical problem size if represented in detail. Instead, it has
been suggested that a seta can be divided into a set of regions where the effective
material properties of each region is based on the behavior of a grid of typical



2.1 Mesoscopic detachment process 13

Figure 2.4: Model used for numerical analysis with different material prop-
erties for region 1 (purple), 2 (red) and 3 (turquoise). The Young’s moduli
are 1.5GP a, 500MP a and 500kP a, respectively. Inset) The bottom 10 × 8 µm
area, is split into 9 × 9 smaller areas representing clusters of microcontacts.

structures in this region [Autumn et al., 2006a], where the effect of each structure
is represented by a spring, and the grid of structures by a set of parallel springs.
This is also the procedure of this analysis, and figure 2.4 shows a seta that is
segmented into three regions, 1 (purple), 2 (red) and 3 (turquoise), corresponding
to the seta shaft, thinner hierarchical structures (branches) and the end spatula
structure, respectively. The dimensions used in the material model are estimated
from images or found in references, and are listed in table 1.1.

Region 1 (purple) of the model in figure 2.4 has a length L1 = 100µm, thickness
D1 = 8µm and an angle of 5.7◦ to the contacting surface. This region has the
material properties of β-keratin; Young’s modulus 1.5 GPa and Poisson’s ratio 0.3
[Gao et al., 2005].

Region 2 of the model in figure 2.4 has a length L2 = 22.5µm, a thickness at D2
of 10 µm and an angle of 45◦ to the contacting surface. The material properties
of region 2 is based on the behavior of an array of branches, each with material
properties of β-keratin. A branch is approximated as a circular arc with cylindri-
cal cross-section, figure 2.5a, with diameter DA = 1µm, arc length LA = 26µm,
major radius RM = 30µm, height hb = 23µm and bend angle θA = 50◦. The
mechanical spring properties of a single branch is investigated by fixing its top
area and apply a displacement, ∆hb = 0.1µm, at the bottom area, see figure 2.6a.
The required force, as found by FEM simulations, Pb = 0.027N, is then used to
calculate the typical spring constant of the branch:

kb = Pb/∆hb (2.3)
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(a) (b)

Figure 2.5: Structures used to calculate Young’s modulus in regions 2 and
3. a) Side view of a branch represented by a circular arc with circular cross-
section. b) Representation of a spatula.

(a) (b)

Figure 2.6: A schematic procedure of calculating the effective Young’s mod-
ulus in region 2 and 3 of the model. Index b is used for a branch in re-
gion 2, and index s is used for a seta in region 3. a) The mechanical spring
properties of a single substructure, branch or spatula, is calculated from the
simulated force P that is required for the displacement ∆h. b) An area A
comprises A× τ substructures, represented as a grid of parallel springs, each
with spring constant k. Their combined effect form the effective material
with height h.
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To calculate the combined effect of a grid of branches, we consider the number
area density, τb (number per unit area) of the branch structure in region 2, esti-
mated to 105 branches/mm2. Next we consider the effective material with height,
hb, and area, Ab, which thus comprise Abτb branches, each of them with the
spring constant kb, see figure 2.6b Applying a tensile stress, σb, across the effec-
tive material gives the force

Fb = σbAb, (2.4)

the deformation

∆hb =
Fb

Abτbkb
=

σb
τbkb

(2.5)

and the elongational strain

εb =
∆hb
hb

=
σb

τbkbhb
(2.6)

From Eq. 2.6 we can identify the effective Young’s modulus of region 2:

Eb =
σb
εb

= τbkbhb ≈ 500MPa (2.7)

We note that the springs deforms independently and hence no lateral stresses are
induced during deformation normal to the contacting area. This is represented
in the material model by setting the Poisson’s ratio to zero for both regions 2 and
3.

Region 3 of the model has length L3 = 1µm and end rectangular surface with
width B = 10µm and depth D = 8µm. The material properties of region 3
(turquoise) in the model in figure 2.4 is based on the behavior of an array of
spatulae, each with material properties of β-keratin. A spatula is approximated
according to figure 2.5b, with total length hs = 0.8µm, whereof the shaft length
LS = 0.5µm. The thickness at top of the shaft DT = 0.03µm and the thickness at
the bottom of the shaft DB = 0.02µm. The triangular plate has a bottom distal
width of LE = 0.2µm and a distal edge thickness of 0.01 µm. The structure has an
angle of 83◦ to the contacting surface. Similarly to the branches in region 2, the
spring constant of the spatula substructure of region 3 in figure 2.4 is calculated
with the number density of substructures τs = 7.5 · 106 mm −2, ∆hs = 0.02µm
and the simulated required force for the deformation of the spatula structure
Ps = 0.22mN. Analogously to the derivation of Eb, the effective Young’s modulus
for region 3 is given by

Es = τskshs ≈ 500kPa (2.8)

Finally, the bottom area of region 3 is split into 9 × 9 smaller areas representing
clusters of microcontacts, see inset of figure 2.4. These smaller areas are hence-
forth referred to as cluster areas. The values for the moduli of regions 2 and 3 are
in fair agreement with earlier estimates [Autumn et al., 2006a] which validates
the present estimate.
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Finite element model (FEM)

Isotropic, linear elastic materials are assumed for regions 2 and 3, so that no
changes in stiffness or effects of geometric nonlinearities due to large deforma-
tions are taken into account. Therefore, the model is valid only for small defor-
mations. This is sufficient for the present analysis, where the traction distribution
will be investigated qualitatively only.

The model is implemented in ANSYS with element type SOLID187, a 20 node
three-dimensional solid element. An element size of 1 µm was used for region
1 and a size of 0.9 µm was used for regions 2 and 3. Simulations have also been
done with two finer meshes to verify that the mesh does not affect the results. No
significant mesh-dependence was found.

The displacements of all contact nodes are set to zero to simulate adhered points
of contact, so that the simulation considers the state before adhesive failure is
initiated. Therefore, and as mentioned above, the load applied at the top of the
seta structure must be well within the range of loads a seta can withstand, which
has been experimentally estimated to be up to 20 µN per seta [Autumn et al.,
2000]. It is unclear whether a seta is better represented as hinged or rigidly at-
tached to the gecko foot, and it is thus of interest to study the impact of those
two different situations on the traction concentration numerically. Furthermore,
a situation where muscles, similar to the muscles in human hair follicles, are able
to act on the seta will be tested. Such muscle has not yet been documented to the
knowledge of the author.

Load cases

Three different load cases are simulated as follows. In the first load case, the case
of a force of 0.5 µN is equally distributed between the nodes in the top area of the
seta structure’s proximal end, that is the end where it is attached to the animal,
see figure 2.7a, is considered. This is done for several angles θf , between the
applied force and the contacting surface, to study how an animal might take ad-
vantage of an angle-dependence for intentional detachment. The seta structure’s
end is here assumed to rotate freely without moment, which corresponds to a seta
that is hinged to the gecko foot.

The second load case, a situation with the same conditions as above, but the ro-
tation of the seta structure’s end set to zero, which corresponds to a seta that
is rigidly attached to the gecko foot, see figure 2.7b. This will create a reaction
moment where the load applied in the model.

In the third load case, conditions are set as in the first load case, but with an
additional variable couple, applied to the top end of the seta, figure 2.7c. This
corresponds to an intentional regulation of the moment on the seta, which could
arise if there is a muscle connected to the seta. This moment could affect the
traction distribution in the adhesion area. For this third load case, the moment
applied at the top of the seta structure is created by applying two opposing forces,
±F1, on the top and bottom edges at a distance of h1 from each other. The moment
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is chosen to be of the same order of magnitude as the moment that is induced at
the contact area for simulations of the first load case. Averaging this moment
over a range of angles 0◦ ≤ θf ≤ 180◦ gives 0.4 µNm. Two simulations have been
done with controlled moment, using MT = 0.4 and 0.2µNm, respectively.

Evaluation of maximum normal traction

During detachment, it is assumed that the adhesive failure is initiated at the point
of maximum outward normal traction component at the seta contact area. This
maximum normal traction σmax is estimated from the simulated node forces at
the seta contact area.

First, the average normal component σa,i of the traction vector is computed for
each cluster area i. This is done by summing the normal component of the node
forces within the cluster areas and dividing this sum by the area BD/nc of the clus-
ter area, where nc is the number of clusters for the entire contact. Secondly, the
maximum normal traction σa = maxi σa,i among the cluster areas is computed.
Finally, the normal component of the traction at the very edge of the contact area,
σmax, is estimated through linear extrapolation: A first degree polynomial is fit
to the normal traction of the center of the contact area and to the normal traction
of the cluster area, in which the maximum average normal traction σa was found.
This polynomial is then evaluated at the edge of the contact area to give σmax.

This method of subdividing the seta contact area into cluster areas is necessary
to define σa, to avoid that the computed edge normal traction is affected by the
numerical noise at the corners and edges of the structure.

The results of the numerical simulations are normalized using the nominal nor-
mal stress, σm = Fm/A, in a seta, where Fm is the muscle force applied to a single
seta and A is the seta shaft cross-sectional area.

Analytical approach

σmax from the numerical results will be compared to the maximum normal trac-
tion obtained using an engineering approximation for a beam, extending from
the origin of the contacting area of the seta, figure 2.8, to the top of the seta shaft
with end point to end point vector:

~r = ry~ey + rz~ez , (2.9)

where ry = 115µm and rz = 25µm. The applied force ~F is given by

~F = Fm cos θ~ey + Fm sin θ~ez , (2.10)

where θ is the angle of the applied force to the horizontal. Next, let us con-
sider the moment ~MC that arises from the normal traction σN , where σN is the
z-component of the traction vector on the seta’s contacting area. When a linearly
distributed normal traction at the distal end of the seta is assumed, we have

~σN (y) = (−σ + kty)~ez , (2.11)
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(a)

(b)

(c)

Figure 2.7: Three different load cases has been modeled. a) Applied force
with the seta’s end assumed to rotate freely without moment. This corre-
sponds to a seta hinged to the gecko foot. b) Applied force with zero allowed
rotation at the seta end, corresponding to a seta rigidly attached to the gecko
foot. c) Applied force and an additional applied controlled moment.
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Figure 2.8: Schematic illustration of the loads applied to the seta during
detachment.

where σ = Fm sin θ/Aa to balance the forces in the z-direction. The moment is
integrated across the contacting area:

~MC =
"
Aa

y~ey × σN (y)~ezdx dy =
"
Aa

yσN (y)dx dy~ex (2.12)

giving

kt =
12
D3B

~MC ·~ex (2.13)

so that the maximum normal traction

σmax = max (−σN (D/2),−σN (−D/2)) (2.14)

is directly related to the moment ~MC about the centroid of the contacting area.
σN is negative when the traction peaks during detachment; it is acting on the seta
in the negative z-direction.

A balance of moments about an x axis through the centroid of the contacting area,
which is also the origin of the xyz-coordinate system, can be written

(~r × ~F) + ~MC + ~MT = ~0, (2.15)

where ~MT is an additional couple applied to the top edge of the seta shaft. From
Eq. 2.15, we can identify ~MT in the three different load cases. In the first load
case, with a hinged seta allowed to rotate freely, ~MT = ~0. In the second load
case, with a rigidly attached seta with no rotations at the top of the shaft, ~MT will
be related to the deformations of the seta and an analytical solution is difficult
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(a) (b)

Figure 2.9: Example of gradients of normal traction across to the horizontal
plane where the seta is adhered to the contacting surface. Dark blue indi-
cates lowest traction and yellow the highest. Arrows point from lowest to
highest normal traction.

to obtain. Finally, for the third load case, with an extra applied moment at the
top of the seta shaft, ~MT = ~h1 × ~F1. Equations 2.9 – 2.15 give an analytical solu-
tion to σmax for the first and third load case when a linearly distributed traction
according to Eq. 2.11 in the seta contact area is assumed.

Numerical results and comparison with simple analytical approach

The normal traction was found to be nonuniformly distributed over the adhesion
surface of the setae, which gives rise to a moment in the area. By changing the
direction of the applied load, the maximum traction concentration could be de-
creased, for stronger adhesion, or increased, to initiate detachment. Therefore,
the effect of the angle θ between the force applied to the seta shaft and the con-
tacting plane on the maximum normal traction σmax is investigated in this section.
Figure 2.9 shows an example of traction distribution for the first load case, as de-
scribed in sec. 2.1.2, when a seta is loaded at 30◦ and 90◦, respectively, to the
contact plane.

For the first and second load cases, minimum traction concentration is found
when the seta is loaded at approximately 12◦ to the contact plane, which is in the
direction of the vector ~r (figure 2.8). Maximum traction concentration in the
contacting area occur when the seta is loaded at approximately 105◦, which is in
the radial direction of the seta. Both the numerical and analytical approach show
similar results, presented in figure 2.10.

In this way, the applied detachment force is amplified by a factor of 68 in the
first load case, corresponding to the maximum numerical value for the first load
case in figure 2.10, due to the concentration of traction in the adhesion area. Fur-
thermore, the hierarchical structures distribute the traction in the adhesion area
effectively; the traction is observed to vary linearly across the contact area with-
out any excessive stress concentration at the corners or edges of the contact area.
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Figure 2.10: σmaxσm
when force is applied to the top of the seta shaft at different

angles θf to the contacting surface. Red dots and represents the numerical
results for the first load case, green triangles represents numerical results
from the second load case and blue line the analytical results.

One reason for this is the zero effective Poisson’s ratio, which prevents transverse
tension from increasing the traction concentration at the edges of the contacting
area.

With a rigidly attached seta, the second load case, the maximum amplification
of traction is 14, corresponding to the maximum numerical value for the second
load case in figure 2.10. This is significantly lower than for a hinged seta. This
implies that a hinged seta enables a greater control of the detachment process.

For the third load case, with a controlled applied moment, the angle which min-
imizes σmax

σm
is found to be shifted, and the magnitude of σmax

σm
is changed, figure

2.11. A second minimum in σmax
σm

is also introduced. However, for this effect to
become significant, a moment in the same order of magnitude as the induced mo-
ment from the applied force is required. The assumed linear traction distribution
in the analytical solution is valid both with and without an applied controlled
moment.

2.2 Microscopic adhesive contacts

Before proceeding with micro-scale adhesion and the behavior of a single point of
contact, we will consider how a terminal element comes into contact with the con-
tacting surface. The following section will discuss and motivate approximations
that are used in subsequent sections.



22 2 Modeling and numerical simulations

(a) (b)

Figure 2.11: σmaxσm
when force is applied at different angles θf , together with

a controlled moment, MT ,at the top of the seta shaft. Red dots represents
the numerical results and blue line the analytical results. a) MT = 0.4µNm
b) MT = 0.2µNm.

(a) (b)

Figure 2.12: (a) Edge contact, where the distal edge of the spatula makes
contact with the contacting surface. (b) Flat contact where the spatula struc-
ture is bent to conform the contacting surface.

2.2.1 Spatula contact configurations

The spatula contact may occur in different ways. Either there is a edge contact
along the distal end of the spatula, figure 2.12a, or the triangular part of the spat-
ula is bent enough to allow a flat contact with the spatula’s flat side, figure 2.12b,
as suggested in Tian et al. [2006], or the contact is intermediate or alternating
between these cases.

To determine whether a flat contact is possible, consider the radius of curvature,
R, that arises when trying to detach a spatula of length, l, with a moment, M, see
figure 2.13. When the spatula adheres to the contacting surface, its bending angle
θ is in the order of unity, so that the length of the detached, curved part of the
spatula is in the order of R. Thus, for the spatula to partially adhere, it is required
that R . l. If R � l, the spatula is flexible and able to make flat contact with the
contacting surface. If R � l, the spatula is stiff, and will not bend to make flat
contact with the contacting surface. Finally, if R ∼ l, both contact configurations
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Figure 2.13: The spatula structure with width, b, length, l = x + θR, and an
applied bending moment, M = EI/R. To be able to make flat contact, the
radius of curvature has to be greater or similar to the spatula length when
the structure is in equilibrium.

are possible and could be expected to occur. The relation between the moment
M and the radius of curvature R in Euler–Bernoulli beam theory is

M =
EI
R

(2.16)

where E is the Young’s modulus of β-keratin and I = bh3/12 is the area moment
of inertia for a rectangular cross section of width b (in the transverse direction of
figure 2.13) and height h.

For a spatula in the configuration shown in figure 2.13, the length, l, the bending
energy, wb, in the curved part of the spatula, and the free energy, ws, in the flat
contact interface are taken to be:

l = x + θR, (2.17)

wb =
M2

2EI
Rθ (2.18)

ws = Vplbx (2.19)

respectively, where x is the length of the adhered region and Vpl = −A/(12πξ2)
is the adhesion potential for van der Waals interactions between two infinite half-
spaces separated by a distance, ξ, and A is the Hamaker constant [Israelachvili,
1991].

For a constant moment M, the structure is in equilibrium when

Mdθ = dwb + dws. (2.20)
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Eq. 2.16, 2.18 and 2.19 in Eq. 2.20 gives

EI
R
dθ =

M2R
2EI

dθ − Ab

12πξ2 dx. (2.21)

with dx = −Rdθ in 2.21 we have
EI
R
dθ =

EI
2R
dθ +

AbR

12πξ2 dθ, (2.22)

from which the radius of curvature in equilibrium is found as

R =

√
6πEIξ2

Ab
. (2.23)

This radius of curvature is found to be approximately the same as the length of
the spatula.

With values taken from table 1.1, a Young’s modulus of 1.5 GPa and a Hamaker
constant of 6.5 · 10−20 J [Huber et al., 2005], the radius of curvature computes
to 0.9 of the spatula/setule length. This implies that the spatula could be kept
curved by the interaction in the flat interface for both the spider and lizard termi-
nal element structure. Thus, both flat and distal edge contact with the contacting
surface could be expected to occur. This might be interpreted as a trade-off be-
tween a very flexible structure, that would have high adaption to a surface but
low strength, and a stiff structure, that would have lower adaption to a surface
but better strength. In next section, the approximation of this varying contact
geometry will be discussed.

2.2.2 Contact geometry approximations

In previous models, the flat spatula contact has been approximated as two half-
spaces separated by a distance H [Tian et al., 2006]. However, there are draw-
backs to this approach. First, as discussed above, there are different plausible
configurations for contact, from flat contact to contact with the distal end of the
spatula, according to figure 2.12. Secondly, the spatula structure, with its thick-
ness of only 20 nm, is not an infinitely thick plate. The adhesion potential for
van der Waals interactions, VA between two bodies Ω1 and Ω2 is given by [Evans
and Wennerström, 1994]

VA = − A
π2

$
Ω1

$
Ω2

dx dy dz dx′ dy′ dz′

|~x − ~x′ |6
, (2.24)

where A is the Hamaker constant and |~x − ~x′ | is the distance between two inter-
acting volume elements. It can be seen that the interaction strength is rapidly
decaying as 1/ |~x − ~x′ |6. Therefore, because of the surface roughness, there will
be some small scale topographical structures that will be in close contact and
influence the adhesion potential significantly.
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In this thesis, the interface geometry between spatula and contacting surface will
be approximated as numerous microcontacts, which is what we expect for rough
materials. This could done by representing both contacting surface and spatula
with arrays of orthogonal cylinders. It is shown below that an approximation of
the contacting surface with only a single layer of cylinders and neglecting the
depth in Ω, gives a satisfactory accuracy. Consider an infinitely large region Ω,
separated by a distance ξ from a half-plane. Ω has a surface roughness repre-
sented by cylinders of radius R1, their axes separated by a distance λ, see Fig.
2.14a. Ω could be partitioned into Ω1 and Ω2, where Ω1 represents the cylinders,
see Fig. 2.14b. The cylinders in region Ω1 gives the interaction energy per unit
area [Israelachvili, 1991]

G1 =
A
√

2R1

24λξ3/2
∼
AR1/2

1

λξ3/2
(2.25)

Next, consider a more conservative representation of Ω2, Ω′2, which include also
half of the cylinders, see Fig. 2.14c. The interaction energy G2 from Ω2 is less
than the interaction energy G′2 from Ω′2, which is [Israelachvili, 1991]

G′2 =
A

12πξ2 ∼
A

ξ2 (2.26)

The relative error εr that arise when using only the interaction energy G1 from
Ω1 is

εr =
|G1 − (G1 + G2)|

G1 + G2
=

G2

G1 + G2
≤
G′2
G1

(2.27)

Equation 2.25 and 2.26 in Eq. 2.27 give

εr ≤
A

ξ2 /
AR1/2

1

λξ3/2
=

λ

ξ1/2R1/2
(2.28)

Furthermore, if R1 is assumed to be in the same order of magnitude as λ/2, εr is
limited by εr ≤

√
R1/ξ. Thus, we can approximate the region Ωwith the cylinders

in region Ω1 with relatively good accuracy.

Next, let us consider the geometries that will be used to approximate a spatula
and the contacting surface. Ω will represent the region that approximates a spat-
ula, whereas Γ will represent the region that approximates the contacting area.
For the spatula contact configuration edge contact, Fig. 2.12a, we propose two
different approximations. Either the spatula tip is represented by a cylinder with
radius R1, and the contacting surface Γ is represented by a half-plane, figure
2.15, or the the spatula tip is represented by a cylinder with radius R1, and the
contacting surface Γ is represented by a grid of parallel cylinders with radius R2,
orthogonal to the cylinder Ω, figure 2.16. For these two edge contact approxima-
tions, the separation of a spatula from the contacting surface can be considered
as one-dimensional motion and could be treated analytically. This will be done
in section 2.3.

Next, consider the flat contact configuration, see Fig. 2.12b, and the special case
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(a) (b)

(c)

Figure 2.14: a) An infinite large region Ω with a surface roughness repre-
sented by parallel cylinders with radius R, separated by a distance ξ from a
half plane. b) Ω is partitioned into Ω1, representing the cylinders, and Ω2,
representing Ω−Ω1. c) A conservative representation of Ω2.

(a) (b)

Figure 2.15: Geometry approximation I for edge contact. The spatula edge
Ω is represented by a cylinder with radius R1, and the contacting surface Γ

is represented by a half-plane.
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(a) (b)

Figure 2.16: Geometry approximation II for edge contact. The spatula edge
Ω is represented by a cylinder with radius R1, and the contacting surface Γ

is represented by a grid of parallel cylinders with radius R2, orthogonal to
the cylinder Ω.

when the radius of curvature R of the bent spatula, is much greater than the
typical length scale of the surface roughness. The spatula could then be approx-
imated as a flat surface, and the contacting surface could be approximated as a
grid of parallel cylinders that models the surface roughness, see figure 2.17a and
2.17b. For one of these surface roughness cylinders Γ , figure 2.17c and 2.17d, this
is similar to the edge contact approximation in figure 2.15, since the expression
for the van der Waals interaction becomes identical. Furthermore, a geometry
that generates numerous microcontacts could be used by representing both the
spatula and the contacting surface by orthogonal grids of parallel cylinders, see
figure 2.18. This corresponds to the edge contact where a spatula edge is in con-
tact with a grid of orthogonal cylinders, figure 2.16.

It is seen that the contact geometry during flat contact corresponds to the contact
geometry during edge contact, and thus also the van der Waals interaction. How-
ever, the load case is more complicated for the flat contact during detachment due
to bending moment and shear forces in the spatula. Therefore, the edge contact
approximations with a contacting surface represented as a half-plane and a grid
of cylinders, respectively, are used in the subsequent analysis. This should give
a reasonable qualitative estimate for the detachment process of the flat contact
configuration as well.

2.3 Microscopic detachment process

2.3.1 Short range adhesion

At the length scale of nanometers, microcontact van der Waals bonds are held to-
gether with very weak forces, and the work needed to break these bonds is small.
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(a) (b)

(c) (d)

Figure 2.17: a-b) Spatula in flat contact with the contacting surface Γ , which
is approximated by a grid of parallel cylinders to model the surface rough-
ness. c-d) Each of the surface roughness cylinders is assumed to make con-
tact with the flat spatula, and the set up is similar to the edge contact in
figure 2.15.

(a) (b)

Figure 2.18: By representing both the spatula and the contacting surface by
orthogonal grids of parallel cylinders, numerous of microcontacts is mod-
eled. This set up is similar to the edge contact in figure 2.16.
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At this length scale, there are also random continuous intra- and intermolecular
vibrations, called thermal fluctuations, and there is a finite likelihood that van
der Waals bonds break because of these thermal vibrations [Evans and Ritchie,
1997]. The predominant approach in previous studies on gecko adhesion has
been to neglect these thermal fluctuations and model the adhesive strength by
assuming that there exists an absolute force limit at which the adhesive bond
fails.

At the length scale of nanometers, where thermal fluctuations become important,
it is appropriate to extend the critical force point of view to include these thermal
fluctuations, thus regarding the breaking of bonds as a stochastic process. Since
the force required to break a bond with a certain probability differs depending
on the amplitude and frequency of the random thermal fluctuations, there is
no absolute force limit at which a bond will break. This approach is new for the
study of biomimetic adhesion, and has, to the knowledge of the author, only been
used previously for a friction estimation [Tian et al., 2006].

2.3.2 van der Waals interactions

Previous investigators have found very strong experimental evidence that van
der Waals forces are the main contributor to the adhesion mechanism in dry ad-
hesion [Baturenko et al., 2003]. In this work, the van der Waals force will be
treated mainly in terms of the corresponding potential VA(H), see figure 2.19 for
a schematic sketch. The maximum adhesive force of a single spatula of the gecko
lizard has been measured and found to be in the order of 10nN [Huber et al.,
2005]. The minimum force, F0, required per spatula to carry the load of a whole
animal when all spatula contribute, can also be estimated. For a lizard with a
mass of 0.3 kg clinging to the ceiling using 6.5 million seta, and each seta branch-
ing into between 300-1000 spatulae [Johnson and Russell, 2009], the required
force on each spatula is:

0.062nN ≤ F0 ≤ 0.21nN. (2.29)

For calculations, the wide distal edge of a spatula is approximated as a cylinder
with radius R1 ≈ 25 nm and length L ≈ 200 nm. The spatula is facing a rough
surface represented by a grid of orthogonally oriented cylinders with radius R2,
separated by a center to center distance λ ≥ 2R2. This approximation of an in-
teraction with a rough surface will be referred to as first case and corresponds to
the edge contact in figure 2.16. For comparison, an approximation with a cylin-
der facing a flat surface, i.e. a cylinder facing a cylinder with infinite radius, will
be used as well, referred to below as second case and corresponds to the edge
contact in figure 2.15.

With these assumptions, the adhesion potential for van der Waals forces between
two parallel cylinders, as in the second case, VACF , Eq. 2.30, and a cylinder or-
thogonal to a grid of cylinders, as in the first case, VACC , Eq. 2.31, respectively,
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Figure 2.19: In an adhesive contact, an adhesion potential VA(H) from van
der Waals interactions is induced. Here, f denotes an external force for de-
tachment, applied to a cut close to the contact. F(H) is the corresponding
force where F(H) = −∂VA(H)/∂H , which is negative for this attractive po-
tential.

describe a single spatula contact [Israelachvili, 1991]:

VACF (H) = −LA
√

2R1

24H3/2
(2.30)

VACC (H) = −A
√
R1R2

6H
N (2.31)

where N = L/λ is the number of parallel cylinders that fits along a spatula, H is
the distance between the spatula tip and the cylinders of the contacting surface,
A is the Hamaker constant, assumed to be 6.5 · 10−20 J [Huber et al., 2005] and
R1, R2 � H .

It is of interest to compute whether the force F(H) from the van der Waals inter-
actions

F(H) = −∂VA
∂H

(2.32)

is large enough to carry the lizard. Since the force F0 that each terminal element
is required to carry in order to support the weight of the animal is known, we can
use Eqs. 2.30, 2.31 and 2.32 to calculate the maximal allowed separation distance,
Hmax, where the contact is released by the force F0. We thus put F0 = F(Hmax)
and Hmax for the two cases is then found to be

Hmax
CF =

( AL
16F0

√
2R1

)2/5
(2.33)

Hmax
CC =

(NA
6F0

√
R1R2

)1/2
. (2.34)

This estimation does not include the effect of thermal fluctuations, which will be
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Figure 2.20: Molecular-scale surface roughness are found in both the spat-
ula, where the β-keratin structure has an approximate roughness of about 1
nm, and the contacting surface, where the roughness is varying but has been
documented to be as small as 0.2 nm [Huber et al., 2005].

investigated in section 2.3.3. Using Eq. 2.29 we obtain a separation distance of
3.8nm < Hmax

CF < 6.1nm for the second case, Eq. 2.33, and 3.1nm < Hmax
CC < 6.0nm

for the first case, Eq. 2.34, for different values of F0 from Eq. 2.29 and R2, where
Hmax < R2 < R1. These intervals represents the separation required to achieve
sufficient adhesion.

The maximum measured adhesion, which is 10 nN for a single spatula at a glass
surface [Huber et al., 2005], would correspond to a maximum separation distance
of 1 nm the first case and 0.4 nm in the second case. This should be related to
the separation distances that can be estimated from molecular scale geometric
considerations of both contacting surface and spatula, figure 2.20. For the con-
tacting surface, molecular surface roughness has been documented to be as small
as 0.2 nm for an amorphous silicone oxide film [Huber et al., 2005]. For a spatula
structure, the β-keratin is estimated to have a surface roughness in the order of 1
nm from the granularity caused by the monomers [Voet et al., 2005]. Thus, steric
hindrance is expected at a separation distance slightly less than 1 nm, which is
in accord with the separation distance at which van der Waals interactions repro-
duce the measured adhesive force. This confirms that van der Waals forces will
be enough to carry a lizard for the assumed microcontact geometry.

In the calculations above, it is assumed that there is only a distal edge contact
with the contacting surface per spatula. This suggests that distal edge contacts
alone would be enough to carry a whole specimen.

2.3.3 Adhesion bonds and adhesion potential

When studying the adhesion between bodies with characteristic lengths of tens of
nanometers, thermal fluctuations must be taken into consideration. Each termi-
nal element adhere by physical bonds to the surface, giving rise to forces which
will be discussed in terms of the corresponding potentials VA(H), Eqs. 2.30 and
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Figure 2.21: Potential VA for two interacting bodies separated by a distance
H . In this system, molecular scale surface roughness will prevent points of
contact to approach the contacting surface closer than H = ξ, where ξ is
the surface roughness. This is represented as a step in the potential energy
and distinguishes this system from an ordinary harmonic potential well. The
energy barrier EA is defined as EA = −VA(ξ).

2.31, having an increasingly large negative value as the distance H from the sur-
face becomes smaller. At H < ξ, steric hindrance prevent contact points to fur-
ther decrease the distance to the approximated surfaces, represented herein as a
step increase in the potential, see figure 2.21. In this situation, the energy barrier
EA that has to be overcome to detach a spatula is

EA = VA(∞) − VA(ξ) = −VA(ξ). (2.35)

Adding a mechanical potential (H − ξ)f [Evans and Ritchie, 1997], where f is an
external applied force across the bond, and a term c2Θ(ξ − H) to represent steric
hindrance, the total adhesion potential is:

V̂A = VA(H) − (H − ξ)f + c2Θ(ξ − H) (2.36)

with c2 a large positive number and Θ Heaviside’s step function, defined herein
as Θ(x) = 0 when x ≤ 0 and Θ(x) = 1 when x > 0. This potential V̂A may be
interpreted as an effective adhesion force obtained through differentiation, as

F̂ = −∂V̂A
∂H

= F + f + c2δ(H − ξ) (2.37)

where δ is the Dirac delta function. Note that F = −∂VA/∂H is negative for this
attractive potential. With this definition (2.37), F̂ represents attraction when it is
negative. This system of forces is described in figure 2.22 and the corresponding
potential is illustrated in figure 2.21.

The application of the externally applied force f introduces a local maximum in
the potential where the forces are in equilibrium, see figure 2.23. The separation,
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Figure 2.22: The resulting forces on a microcontact from Eq. 2.37, corre-
sponding to the potential in figure 2.21 and Eq. 2.36. At H < ξ, surface
roughness prevent the microcontact to further decrease the separation dis-
tance between microcontact and approximated contacting surface.

Hesc, where this occurs is calculated from

∂V̂A
∂H

∣∣∣∣∣
H=Hesc

= 0. (2.38)

Due to this maximum, the spatula only has to be moved to Hesc to detach, and we
replace Eq. 2.35 with an effective energy barrier defined as:

ÊA = V̂A(Hesc) − V̂A(ξ). (2.39)

Inserting Eq. 2.35 into Eq. 2.39 gives

ÊA = V̂A(Hesc) + EA. (2.40)

A comparison between ÊA for the two cases is made below. Figure 2.23 shows
V̂A/kBT , where kB is Boltzmann’s constant and T is the absolute temperature, for
different values of applied force and N = 16, λ = 2R2. In the second case, the
applied force f is taken to be evenly distributed over the cylinders of the grid.
Applying a force across the bond diminishes their effective energy barrier ÊA
and reduces Hesc. Figure 2.24 shows how the effective energy barrier ÊA varies
with the applied force for different radii of the contacting surface cylinders in the
second case. Increasing the radius R2 reduces the energy barrier to some extent.

We will now consider detachment caused by thermal fluctuations. Due to thermal
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(a) (b)

Figure 2.23: (a) Adhesion potential for cylinder to flat surface, second case.
Normal force of 0, 4 and 10 nN respectively applied to a spatula. (b) Adhe-
sion potential for a cylinder facing a grid of orthogonal cylinders, first case.
0, 0.5 and 1.5 nN respectively is evenly distributed over a number of cylin-
der surfaces L/2R2 with radii R2 that fits under the spatula with length L,
when R2 = 12.5 nm, L = 200 nm.

Figure 2.24: The size of the effective energy barrier depends on the radius
of the cylinders at the approximated contacting surface. R2 between 10 to
25 nm is shown in the figure, and a smaller radius gives a higher adhesion
potential.
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(a) (b)

Figure 2.25: (a) As the applied force f is increased, the effective energy bar-
rier decreases and a smaller energy barrier will increase the likelihood that
a point of contact will release. (b) Log-log plot of figure 2.25a, there is no
linear correlation between f and ÊA for any long interval of f .

fluctuations, the separation distanceH varies randomly. Each terminal element is
considered to be in a bound a state when inside the potential well ξ < H < Hesc,
and once the separation distance exceed Hesc, the element is assumed never to
reattach. Using f > 0 makes this assumption valid since the detachment force
f then will be greater than the attractive force beyond Hesc. Figure 2.25 shows
how the effective energy barrier is reduced as a function of applied force f , and
neither a lin-log nor a log-log plot reveals any linear relation between f and ÊA
for any extended interval of f , figure 2.25.

As a rule of thumb in chemistry, experimental time-scales and rate constants of
processes occurs at energies that lies within tens of kBT . Therefore, presented
energy values will be normalized with kBT . An effective energy barrier of tens
of kBT is assumed to release spontaneously at experimental time-scales, while
values as large as 200 kBT represents a firmly attached bond.

From figure 2.23a, it is seen that approximating the system as a cylinder to a
flat surface (the second case) will generate an effective energy barrier exceeding
2500 kBT for f = 0, while an applied force of f = 10nN, which was the maxi-
mum measured force per spatula, lowers the effective energy barrier to 600 kBT ,
suggesting that the bond would still be intact, and that the flat contacting sur-
face model overestimates the adhesive strength. This demonstrates the need for
incorporating surface roughness and microcontacts in the model.

With the first case, where the contacting surface is modeled as an array of cylin-
ders, figure 2.23b, a single spatula generate an adhesion energy barrier around
750 kBT . By applying a force of approximately 4 nN across the bond, it is pos-
sible to reduce the energy barrier to tens of kBT which is low enough that the
bonds might release due to thermal fluctuations. It can also be concluded that no
detachment will occur spontaneously without a force applied across the contact.

During thermal fluctuations, adhesion bonds are vibrating continuously with a
vibrational frequency, ω, and the rate at which a state is reached where detach-
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ment can occur is identical to this frequency. When ÊA is lowered by applying
a force, the probability of reaching a state where detachment of a microcontact
bond can occur, increases. Analogously to the radioactive decay of atoms, it is
assumed that the breaking of bonds is a Poisson process with rate constant k, so
that the expected life-time of each bond is 1/k, where k is given by [Evans and
Ritchie, 1997]

k = ωe
ˆ−EA

kBT . (2.41)

There is no linear relation between f and ÊA, see figure 2.25. However, ÊA and
∂ÊA/∂f are analytically available. Rewriting ÊA using analytical expressions for
EA and VA(Hesc), as derived from Eqs. 2.31, 2.36, 2.39 and 2.40, gives

ÊA = f ξ − 2

√
f
AL
12

√
R1

R2
+
AL
12ξ

√
R1

R2
, (2.42)

∂ÊA
∂f

= ξ −

√
AL
12f

√
R1

R2
. (2.43)

A Taylor expansion about a force f0 is used to linearize ÊA(f ):

ÊA(f ) = ÊA(f0) + (∂ÊA/∂f |f =f0 )(f − f0), (2.44)

from which we can define positive constants K and Λ:

K = ÊA(f0) − (∂ÊA/∂f |f =f0 )f0

Λ = −(∂ÊA/∂f |f =f0 ).

Thus a linear approximation for ÊA is

ÊA(f ) = K − Λf . (2.45)

Equations 2.41 and 2.45 gives:

k = ωe
−K
kBT e

f Λ
kBT (2.46)

which is our approximate expression for k. Some values relating to the linearized
expression for ÊA is given in table 2.1.

2.3.4 Collective failure of microcontacts

A seta will attach to the contacting surface at numerous points of contact. When
detachment is induced, setae are loaded row by row. At a sufficiently large surface
traction, a crack is initiated between the setae and contacting surface. In this
section, we will study the effect of the load and how collective detachment of a
large number of terminal elements is critical to the adhesive failure process.

The decay process for a number, n, of points of contact during constant macro-
scopic deformation, which corresponds to a constant load on a point of contact
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Table 2.1: List of values from linearization of ÊA for different values of R2
at varying effective energy barrier. f0 is the force where the linearization has
been done.
R2 [nm] ÊA(f0)/kBT f0 [nN] Λ [nm] K/kBT χ

10 20 4.70 0.094 118 108
15 20 3.69 0.11 111 96
20 20 3.10 0.16 108 88
25 20 2.70 0.12 107 82
20 40 2.54 0.18 133 113
20 60 2.16 0.24 148 128
20 80 1.85 0.30 156 137
20 100 1.61 0.34 162 142

Figure 2.26: Number of attached points of contact during constant deforma-
tion.

and is similar to radioactive decay, is described by the differential equation

∂n
∂t

= −kn. (2.47)

In the special case with a constant k, Eq. 2.47 has the solution

n = n0e
−kt . (2.48)

A schematic decay process is seen in figure 2.26, where n0 is the initial num-
ber of points of contact. However, it is too simplistic to assume an unchanging
rate constant k since quick detachment requires maximal muscle force during
the complete detachment process. It is more reasonable to use a constant load
assumption and distribute the applied force over the remaining points of contact.
In this way, k is considered as dynamic variable and Eq. 2.46 is modified by using

f = Fs/n, (2.49)

where Fs is the applied force due to the motion of the animal. Equations 2.46,
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(a) (b)

Figure 2.27: a) Decrease in the fraction of attached points of contact during
constant loading with different values of χ from 74 to 78. Initially, groups
of points of contact will prevent detachment together, but once detachment
is initiated, catastrophic failure occurs. b) Time-development of the fraction
of remaining microcontact bonds for a wider range of χ between 55 to 95.

2.47, 2.49 give

∂n
∂t

= −nωe
−K
kBT e

FsΛ
nkBT . (2.50)

Introducing the dimensionless number of contacts η = n/n0, Eq. 2.50 takes the
form

∂η

∂t
= −ηωe

−K
kBT e

FsΛ
n0ηkBT . (2.51)

Merging the constants into new constants a and χ simplifies the expression to

∂η

∂t
= −ηae

χ
η , where (2.52)

a = ωe
−K
kBT and χ =

FsΛ
n0kBT

.

Equation 2.52 is solved numerically in MATLAB [MATLAB, 2009] using MAT-
LAB’s standard solver, ODE45, for ordinary differential equations, which imple-
ments a Runge-Kutta method. This is done for η(t = 0) = 1, and the time tc
where catastrophic failure occurs is examined for different values of χ. Figure
2.27a shows the rapid change in decay during a change in applied force of 2.56
±0.07 nN, which corresponds to χ = 76 ± 2. Once detachment is initiated, catas-
trophic failure occurs. How fast this failure occurs depends on the value of χ
from Eq. 2.52. From figure 2.27, it is estimated that the catastrophic failure is
imminent when n/n0 = 0.9. Since amerely represents a time-scaling, the analysis
is focused on how χ affects the time to catastrophic failure of the microcontacts.

The time tc, when the catastrophic failure for adhered points of contact occurs,
is plotted as a function of χ in figure 2.28 and decrease exponentially with χ,
which is seen from the straight line in the lin-log plot of figure 2.28b. This linear
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(a) (b)

Figure 2.28: (a) The time to catastrophic failure for different values of χ
with a variable k. (b) Lin-log plot of figure 2.28a. Red dots show the half-life
for points of contacts with a constant k. In both figures, ω = 1 · 1013 Hz,
K/kBT = 107

Figure 2.29: The number of spatulae n0 = τs∆yB in the area ∆yB close to the
crack share a force Fs and initially prevent detachment.

relation between ln tc and χ in figure 2.28b suggests that

tc = t0e
−αχ, (2.53)

where α is a non-dimensional constant and t0 is a constant with units of time.
Therefore, χ has a strong impact on tc for a set of points of contact. Since
χ = FsΛ

n0kBT
, it is possible to identify Fs, the mechanical applied force, and n0,

the initial number of points of contact, as the main parameters affecting the time
to catastrophic failure, and thus the rate of detachment at the macroscopic scale.

This result for tc can be compared with the half-life t1/2 of microcontacts obtained
for a constant k = aeχ from Eq. 2.48, where t1/2 = ln(2)/k, and it is seen that
catastrophic failure for a variable k(f ) occurs approximately 100 times faster than
the half-life of a microcontact for a constant k(f ).

Next, the numerical results will be interpreted for adhesion failure where groups
of microcontacts prevent detachment together. Consider the spatulae in a region
close to a crack along the adhesion failure zone, see figure 2.29. The traction in
this region is σmax, so that a mechanical force

Fs = σmax∆yB, (2.54)

is distributed over this area, where ∆y is the characteristic width of the zone
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where the crack is propagating and microcontacts are detaching. The number of
spatulae in this area is given by

n0 = τs∆yB. (2.55)

Dividing Eq. 2.54 by 2.55 gives

Fs
n0

=
σmax
τs

, (2.56)

and thus we have

χ =
FsΛ
n0kBT

=
σmaxΛ
τskBT

(2.57)

in the critical zone where the crack is propagating. It is seen that changes in χ
could be discussed in terms of maximal traction σmax and the number area den-
sity τs of spatulae. This shows how σmax and τs controls the rate of detachment of
the seta. An effective structure in the adhesive area and a precise locomotion of
the animal is used to achieve as large difference as possible between the highest
and lowest σmax during varying load situations, and hence a wide range of χ and
the possibility to controlled attachment and detachment. An increase in σmax
linearly increase χ and exponentially reduce the time tc when the catastrophic
failure occurs. τs, here representing the number area density of adhered spatu-
lae, has the reverse effect. An increase in τs linearly reduce χ and exponentially
increases the time tc when the catastrophic failure occurs. Surface roughness
may have a considerable effect on this variable, and thus the ability of an animal
to adhere to varying surfaces. From table 2.1, it is shown that Λ undergoes small
changes and will not be one of the main contributor to changes in χ and tc.
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Discussion

3.1 Discussion

In the present work, dry adhesion systems have been studied, focusing on the
contact geometry between contact elements and contacting surface, the coopera-
tive effects of neighboring points of contact to enhance adhesion, and the surface
functionalization enabling dynamic modification of adhesion during locomotion.

Due to high weight in relation to available contact area, the adhesion mechanism
of a large animal has to be effective to attach the specimen to a wall or ceiling.
This is achieved by the hair-like structures that are split into hundreds of contact
elements. This increases the compliance which enables a large effective contact
area also for rough surfaces. We regard the branching substructures of the seta
as an effective material whose elastic modulus derives from the leaf spring-like
deflection of the branches. Because the branches do not interact in the in-plane
direction of the contact, no stresses develop in this effective material when a load
is applied to the structure. This is captured by taking the Poisson’s ratio of the
effective material to be zero. This is also an adaptation that reduces traction con-
centrations since a zero Poisson’s ratio reduces the edge loads of the seta. This
also explains why the analytical solution using a beam model for the seta shaft
successfully predicts the maximum normal traction at the contact area, as shown
for load cases one and two. However, due to the limited muscle strength rela-
tive to its weight, the animal’s adhesion surface has to be further functionalized
to enable detachment. The traction distribution across the contact surface of a
single seta has been numerically and analytically studied for different loading di-
rections and attachments of the seta to the gecko foot. The detachment depends
on the maximum traction found in the contacting area of the seta. This maxi-
mum traction depends on the magnitude but also the direction of the force that
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is applied to the seta shaft. This direction-dependence is used in the adhesion
system, to minimize the traction concentration when the animal intends to stick,
and maximizing the traction concentration upon detachment.

By rolling its toes upward and backward, a traction concentration is induced and
fewer setae are loaded at a time. In addition, concentration of traction is induced
across the microcontacts of a single seta. This was shown to be minimized when
the load direction is along the seta shaft, and maximized, increasing with factor
of up to 68 for a hinged seta, when orthogonal to seta shaft. The rolling motion of
the toe and the traction concentration in seta enable the limited muscle strength
to focus on a small adhesion area which allows detachment despite the strong
adhesion force. For a seta that is rigidly attached to the foot, the traction concen-
tration is significantly lower than for a hinged seta, implying that a hinged seta
allows greater control of the detachment process. A situation with a controllable
applied moment to the top of the seta shaft also results in a minimum in the
traction concentration and a shift in and reduction of magnitude in the traction
concentration. The results are similar in both the numerical and the analytical
study, and it may therefore be preferable to use the analytical method for this
kind of analysis by virtue of its simplicity.

At the microscopic scale, each bound terminal element is considered to be trapped
in a potential well, whose shape derives from the van der Waals interactions and
steric constraints. When a force is applied across the bond, the potential well is
lowered and the contact can be broken by thermal fluctuations. The depth of the
well is crucial to the adhesive strength, and derives from the contact geometry.

In previous publications, the thin terminal plate of a spatula has been assumed to
bend to make flat contact with the contacting surface [Tian et al., 2006]. For a flat
surface, this contact can be modeled as two infinite, thick plates, as suggested in
e.g. Tian et al. [2006]. However, with a rough surface, numerous microcontacts
are created over the contacting area of each terminal element. In this thesis, these
microcontacts have been modeled as a cylinder, representing the spatula tip, in
contact with a grid of orthogonal cylinders, representing the surface roughness of
the contacting surface. The previous suggestion that van der Waals interactions
are the main source of adhesion is still standing. However, the contact configu-
ration is interesting to investigate further, since it is possible that only a single
distal edge contact per spatula is enough to support the loading of a lizard, as
shown herein. Since the adhesion force from the spatula is not increased by mak-
ing flat contact with the contacting surface, flat contact might contribute with
increasing the work of adhesion to make the adhesion less brittle.

The results show that the compliance of terminal elements allow flat contact
with the contacting surface, but sufficient adhesion can be achieved with only
distal edge contact. Furthermore, contact elements function cooperatively to de-
lay detachment. When adjacent contact elements share a load, the number of
attached contacts will decrease, relatively slowly initially, and with increasing
rate as fewer contact elements must carry the constant applied force; catastrophic
failure occurs shortly after the detachment is induced. The failure process in this
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detachment pattern is mostly dependent on the variables Fs (applied force) and
n0 (initial number of microcontacts carrying the force), which implies that adhe-
sive failure could mainly be controlled by changing either the applied force or
the number of initial contacts adhered to the contacting surface. This is achieved
with the branched seta for enhanced attachment and the concentrations of trac-
tion for reduced adhesive strength during detachment.

This thesis has advanced previous models and analyzed the adhesive system from
the macroscopic to microscopic level of organization. This has been done by com-
bining both a numerical and an analytic model. From concentration of traction
in seta structure to the smallest level of organization to, for the first time, include
the thermal fluctuations that break the bond in a stochastic process when the
potential well is modified by an applied traction.

3.2 Conclusions

In dry adhesion systems found in the footpads of spiders and gecko lizards, the
contacting area is made of a very large number of contact elements, where each
contact element is trapped in a potential well. An applied force will reduce the
energy barrier and thermal fluctuations will be enough to detach a contact ele-
ment. Adjacent contact elements function cooperatively to enhance adhesion by
sharing load. The rate of detachment and crack propagation across the adhesive
interface depends on the applied force across the contact elements, and thereby
on the maximal concentration of traction across the adhesion surface.

The concentration of traction is induced by the seta, which acts as a lever. When
the seta is axially loaded, the concentration of traction is minimized, whereas
radial loading amplify the concentration of traction which increases by a factor
of maximum 68 as shown by numerical simulation. A rolling motion of the toe
upward and backward further strengthens the concentration of traction during
detachment.

The terminal elements are sufficiently flexible to make flat contact with the con-
tacting surface, which could be seen in Tian et al. [2006] for some terminal ele-
ments. However, this configuration is not necessary for carrying a lizard’s weight;
sufficient adhesion is induced when the distal edges of the terminal elements are
in contact with the contacting surface.

The results give theoretical insight in the adhesion and detachment of a func-
tional surface, especially the dynamics of the dry adhesion and the cooperative
nature of the contact elements during adhesive failure. This knowledge is inter-
esting in itself and can be considered when constructing man-made adhesives
with inspiration from nature’s dry adhesion solutions.
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