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Chapter 1

Introduction

1.1

Background

Pressure sensitive adhesive surfaces can be divided into two categories, which have
different applications. The first class includes surfaces made of viscoelastic materials
such as adhesive paper, the second class uses micro- or nano-structures to modify the
mechanical properties of the adhesive interface. Many engineered adhesive surfaces
have been inspired from nature and a lot of very commonly used devices are biomimetic such as hook-and-loop fastener. Surfaces covered with viscoelastic material
have the advantages of being cheap to produce and easy to apply, but are disposable
and very quickly lose their initial properties with use or age. The main advantage of
the second class of adhesive surfaces is that they are reusable in the sense that they
deteriorate very little. Nano-structures responsible for adhesive properties can be
observed on tiny animals such as spiders, and on bigger such as gecko. Depending
on the species, different forces and mechanisms can explain this nano-scale adhesion.
The most powerful natural adhesive surface in the second class of adhesives can be
observed on the sole of the gecko toe.
The ability of geckos to climb and walk on most surfaces defying gravity is a topic
studied for at least one century by scientists. While other animals have the same
capacity (flies, ants), the gecko distinguishes itself from the others by its unusually
large size and weight (around 20cm and up to 300g [Autumn 2006][Arzt 2005]).
These surfaces are covered with hair-like micrometer size structures, which branches
into nano-scale contact elements (see Figure 1.1). Inspired by the toe-surface of the
gecko, a lot of recent studies have created bio-mimetic surfaces able to stick to stiff
plane surfaces. Such bio-inspired adhesive surfaces can have many applications in
industry but also in everyday life.
The forces responsible for gecko toe adhesion are thought to be van der Waals
forces between the filamentous micro-structures and the substrate [Autumn 2002].
Microscope observation reveals a surface made of thousands of setae with a length
of 100µm and an aspect ratio around 25 which are covering the surface like hair
but in a regular arrangement (see Figure 1.2). Following a hierarchical structure,
each seta is divided into hundreds of branches, terminated by a triangularly shaped
spatula. The smallest branches have a diameter of around 0.1µm and an aspect ratio
around 8 [Gao 2005]. These branched structures have inspired a lot of engineered
surfaces made of thousands of micro-pillars. Different geometrical features have been
experimentally studied in order to understand which parameters are responsible for
the unusual adhesive properties of the gecko toe.
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Figure 1.1: Micro-pattered surface on the gecko toe. Courtesy of Wikimedia Commons (ph: Bjørn Christian Tørrissen)

Figure 1.2: Hair-like setae on the gecko toe at a low and higher magnification.
Courtesy of Wikimedia Commons (ph: Mark Moffett)

1.2. Adhesive failure of model surfaces
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Unlike most of our common adhesives, the gecko toe has self-cleaning properties
[Hansen 2005] and strong adhesion with most materials [Autumn 2008]. The gecko’s
adaptation has been modeled in many studies with a micro-patterned surface covered
with micro-pillars. These engineered micro-patterned surfaces represent one scale of
the hierarchical structure of the gecko toe surface. The microscope images 1.2 give
a good representation of the different features comprising the complex surface of the
gecko toe. On the left image the micro-scale grid of setae can be seen, on the right
one, a whole seta terminated by spatula, with a focus on the nano-scale hair-like
subdivision at the tip. These two images give a good picture of the hierarchical
architecture of the gecko toe surface, and the divisions of the parent branch at each
scale. If the geometry is considered separately at each scale, the structure looks like
a pillar-covered surface.

1.2

Adhesive failure of model surfaces

The generic geometry of engineered micro-patterned surface is a flat surface, covered
with cylindrical pillars arranged into a pattern (usually square or hexagonal lattice).
The contact surface of the pillars is generally flat but different tip geometries have
been tested such as spherical, concave and spatular [del Campo 2007]. The circular cylinder form of pillars is chosen for simplicity of the model. While the gecko
toe-surface is made from β-keratin [Hansen 2005], a lot of different material is being
used in artificial micro-patterned surfaces including Polyurethane [Murphy 2009],
Polyamide[Geim 2003], Polydimethylsiloxane (PDMS) [Bakker 2012] and carbon
nano-tube [Qu 2008]. The main difficulty in the fabrication of these micro-structures
is the precision needed to produce a regular lattice. Different techniques had been
used such as molding[Murphy 2009] and plasma etching [Geim 2003] to create thousands pillars on surfaces of the order of several cm2
There are different types of adhesive failure, some investigate peel-off and some
apply a normal force to detach the surface. In this thesis, we limit our interest to
normally applied detachment forces. The surface is preloaded in order to create the
full contact with the contact surface, simulating the force the gecko applies on its
toe when it is placed in a new stable position. Subsequently, the adhesive contact
is broken by applying a normal, constant rate displacement across the surface. The
ratio between the adhesion force and the pre-load force is more than 200 for the
gecko [Autumn 2000] [Autumn 2002].
In recent studies, the tendency is to minimize the size of pillars from micro-scale
to nano-scale to increase the adhesive forces. The use of hierarchical structures has
been investigated with micro-pillars tipped with several sub-pillars. In conjunction
with the increase of aspect ratio, new problems appear such as inter-pillar selfadhesion which is the principal phenomenon responsible for the loss of adhesion
[Qu 2008].
The strongest measured adhesion forces were achieved by using carbon nanotube
array [Qu 2008] (around 0.2MPa). This is superior to the adhesion strength of gecko
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toe surfaces. However, to reach these values, the surfaces need a much greater preload than the resulting adhesion force (around 1,20MPa), because the material used
does not conform easily to the contact surface. The ratio between the adhesion force
and the pre-load force is around 0.17, as compared to 200 for the gecko.
Most of the studies did not consider a hierarchical structure; just a surface covered with one-size pillars. The difficulty to create structures at different scales can
explain this tendency to model bio-mimetic surfaces with a single level of microstructure. The studies which experimented on two-level architecture used a process to separate preparation of the two levels, assembling them at the final stage
[Murphy 2009]. These two-level structures, consisting of a pillar pattern covered
with hair-like structures raised the adherence properties more than twice than onelevel structure. This result is promising, but the improvement is still not that high
compared to the huge effort for introducing two levels of structure.
The square lattice is the most commonly used lattice among the ordered lattices
in experiments but other lattices like hexagonal showed good adherence properties
[Gorb 2007]. The comparison between ordered arrays and pillars distributed in
disorder with the same pillar density reveals a significant advantage for ordered
array. The adherence forces are more than four times greater for square lattices
than disordered arrays [Bakker 2012]. This difference can be explained by stress
concentration which appear on isolated pillars along the crack front. This illustrates
the prevalence of the in-plane distribution of pillars on the surface in the crack
process. In the same work [Bakker 2012], it was revealed in a study of the dynamics
of the adhesive failure that the rupture does not occur haphazardly but in a welldefined direction. The crack line in the square lattice evolves making an angle
tangent which is either 2:1 or 3:2 with the lattice main direction (see Figure 1.3, for
example 2:1 direction means to go down two pillars and right one pillar), from the
square corner to the center of the square. The alignment of the crack as it travels
across the interface from the corners to the center is thought to be dued to the 2D
disposition of pillars.

Figure 1.3: Four possible crack directions (solid line) in the square lattice of micropatterned surface: a) parallel direction b) 1:1 direction c) 2:1 direction d) 3:1 direction. Experience shows the crack direction oscillate between 2:1 and 3:2. Only
parallel direction will be considered in this study

1.3. Scope & problem formulation
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The most significant behavior noticed on the lattice is the unequal distribution
of forces between pillars. The pillars near the border and close to the crack front
are subjected to significantly higher forces than those in the interior of the lattice
where pillars forces are evenly distributed. The main conclusion from this feature
is that, in order to increase the adherence, pillars need to have a more even force
distribution between the crack front and the interior of the adhesive surface.

1.3

Scope & problem formulation

The study will focus on the evolution of the stress on edge pillars before the crack
starts to progress. The parameter-dependence of both the maximum stress and the
average stress at the tip the edge pillar will be investigated successively.
The problem motivates a study of the evolution of stresses on pillars close to the
crack line. First, consider pillar tips which are in practice not fully planar surfaces
and neither is the substrate onto which they adhere. Because of surface asperities,
pillar tips can be reduced to a set of microscopic contact points (see Figure 1.4).

Figure 1.4: Model of the contact surface, a) a plane contact surface, b) real contact
surface
When an individual pillar detaches, a crack is initiated and progress across interface with a velocity ucrack , so that the micro-contacts detach in sequence.
For each of these points, it is possible to compute a time to rupture τ , which is
the typical survival time of the contact point [Bakker 2012]. τ is directly dependent
on the applied force following an exponential law and the limit of τ when the applied
force tends toward infinity is 0. Consequently, the total force on the surface which
is shared by this set of contact points will directly affect the time until rupture of
the pillar and therefore ucrack . Because of the functional relation between stress and
detachment velocity, a quasi-static approach is apposite to understand the adhesive
properties of micro-patterned surfaces.
Considering the tendency to choose higher pillar aspect ratio in recent experimental studies and the introduction of multiple levels of structures, we can expect
that this aspect ratio should be increased on each hierarchical level to improve adhesion. In the simple case of a surface covered with pillars, this would mean to
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increase both the aspect ratio of pillars and the aspect ratio of the surface holding
pillars. The effect of increasing of aspect ratio and how this may potentially create
a better distribution of forces on the surfaces is not obvious, and the relevance of
the actual tendency to increase this ratio needs to be explained.
Considering a simple micro-patterned geometry similar to the one investigated
experimentally by Bakker and coworkers [Bakker 2012], we will study how geometry parameters affect the force on edge pillars and consequently the velocity of the
rupture. As the exceptional qualities of the gecko toe surface are achieved with
very great number of setae, an improvement of the properties of the surfaces can
be expected if we multiply the number of pillars. The influence of this inside characteristics will be studied. As hierarchical structures have been experimented on
in previous studies and can be observed in a real gecko toe surface, we will try to
understand what is the effect of this type of structures and their benefits in adhesion.
Regarding the behavior of the micro-patterned surface during a dynamic rupture
(an angle between 3:2 and 2:1 in a squared specimen with a square lattice), the
importance of the in-plane distribution of pillars has to be considered in the design
of such surfaces in order to delay the crack.
This work therefore aims to answer these outstanding questions :
• What are the benefits of increasing the pillar aspect ratio from the point of
view of adhesion of micro-patterned surfaces?
• How can hierarchical structures improve adhesion properties?
• What is the importance of the in-plane distribution of pillars and the crack
direction for adhesive strength?
First, the modeling considerations, our simplifying assumptions and geometrical considerations will be treated in this work. Secondly, the work will focus on
parameter-dependence studies in order to identify the influence of each geometric
parameter on adhesive properties, as quantified by the stress concentration at the
edge pillar. This step will use successively two different models, one two-dimensional
(2D), the other three-dimensional (3D). Results obtained with these two models will
finally be discussed in the last part to fully answer the questions posed above.

Chapter 2

Modeling considerations

2.1

Model geometry

The Finite Element Method (FEM) was chosen to model adhesion. Because of
the complexity of the geometry of micro-patterned and the difficulty to take into
account large number of pillars, analytical study is not considered as a good method
in this case. To avoid a too long calculation time, the model has to be simple
but still capture the essence of the behavior of micro-patterned surfaces adhesion.
We considered two different models in this study, each one representing a different
geometry. The first model is two-dimensional (2D), representing a line of equidistant
crenels, the second is three-dimensional, representing a grid of circular pillars. The
3D micro-pattered surfaces represented through these 2D and 3D geometry are not
the same. The 2D case represents a surface made of parallel ridges (type of geometry
which can be found on the digit tip for example) whereas the 3D case represents a
real micro-pillared surface as studied in the previous experimental studies (closer to
the geometry of gecko toe surface). Despite this difference, the 2D case will provide
a simple model which similarities with the 3D case will be discussed.
We assume the crack front to be a straight line parallel to one of the lattice
directions. As we consider the problem at the initiation of crack propagation, all
the pillars are fixed to the contact surface. The numerical experiment simulates the
instant just before the detachment. A constant displacement is applied on the top
surface of the specimen.

Figure 2.1: Schematic of the model of the micro-patterned surface
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Because the crack front is assumed to reside in a semi-infinite medium, the finite
element study considers a micro-patterned surface with great number of pillars and
for example not a crack in a corner of a square specimen.

Figure 2.2: scheme of the 2 models
In order to reduce the calculation time, a symmetric boundary condition is applied on the side of the specimen (see number 3 in Figure 2.2). Therefore, only n/2
pillars are included in geometry analyzed using the FEM tool. The infinitely long
crack front is modeled in the 3D case thanks to periodic boundary conditions on the
side surfaces (see number 4 in Figure 2.2)
Boundary conditions applied :
1. Constant displacement
2. Zero displacement
3. Symmetric boundary conditions
4. Periodic boundary conditions
All the other lines and surfaces have free boundary conditions (this means the
force on surface is zero).

2.2

Parameters

According to the chosen geometry, we can identify five geometry parameters:
• H the height of the backing material
• D the interspacing of the pillars
• d the width of pillars (diameter in 3D)

2.2. Parameters
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Figure 2.3: Schematic of the different parameters of the model; the specimen studied
can be divided in two different entities of different length-scale, the n pillars and
the backing. These two entities will be studied separately.
• ` the length of pillars
• n the number of pillars across the width of the physical interface
And, since an isotropic, linear elastic material model is used (see section 2.4),
two material parameters :
• E the Young’s modulus
• ν the Poisson’s ratio
For the study, it is convenient to find a non-dimensional parameter which consider the stress concentration on the edge pillar, and which does not depend on the
average stress or the displacement applied to the specimen.
At the macroscopic length-scale, it is assumed that the crack velocity vcrack
depends predominantly on Fc , the force on the edge pillar in extension and the
applied displacement.
We have therefore:
vcrack = vcrack (Fc ) = vcrack (χ · F̄ )
with
χ=

Fc
Fc
=
Ftot /n
F̄

(2.1)

(2.2)

with Fc the force on the edge pillar, Ftot the force applied to the top of the
specimen, F̄ the average force on each pillar and n the number of pillars.
The variable χ represents the force concentration on edge pillar and as this work
focuses only on the edge pillar force concentration, χ will be simply denoted force
concentration.
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The behavior of F̄ is obvious and depends on the displacement applied and
the dimensions of the backing. The study of χ is therefore relevant and allows to
determine the crack velocity of the material and consequently to characterize the
adhesive properties of the material.
We will discuss the relevance of this parameter for the 2D case and for a great
number of pillars in the results section 3.1.3.

Figure 2.4: Schematics of the different forces in the model
Considering a constant number of pillars n and a constant Poisson’s ratio ν,
for any non-dimensional scaling parameter α, the following relation is true for a
non-dimensional parameter χ :
χ(H, D, d, `) = χ(H + α · H, D + α · D, d + α · d, ` + α · `)

(2.3)

This relation comes intuitively considering an isotropic, linear elastic material,
and that proportionally increasing all geometrical parameters, the non-dimensional
χ will remain constant.
Differentiating the right-hand-side part of the equation 2.3, we get a relation
between the partial derivatives with respect to the parameters :
∂χ
∂χ
∂χ
∂χ
+d·
+`·
+H ·
=0
(2.4)
∂D
∂d
∂`
∂H
This relation introduces an inter-dependence between parameters reducing the
number of independent parameters by one.
For all the studies and to enable easy comparison between experiments, we will
consider a constant ratio between the contact area and the total area of the specimen.
D·

2.3. Modeling simplifications
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This means the ratio d/D is kept constant.
Because of these dependencies, we study only three parameters, to obtain the
geometry-dependence of this square lattice.
We will study the effect of varying :
• H the thickness of the backing
• n the number of pillars
• ` the length of pillars
Varying these three parameters translates varying the following nondimensional
parameter:
• AR1 : the backing (macro-scale) aspect ratio with AR1 =
• AR2 : the pillar (micro-scale) aspect ratio with AR2 =

H
(n · D)

l
d

• n : the number of pillars
In order to include the stress variations across the tip of individual pillars, we
define a second parameter Ξ. This parameter needs to be non-dimensional as well,
and should represent the maximum stress at the edge of the pillar contact area.
At a smaller length-scale now, because of the quasi-static consideration, the
crack velocity ucrack (ucrack 6= vcrack ) is dependent on the maximum stress at the
pillar tip. Studying the maximum stress on the pillar will therefore determine the
adhesion strength at the length-scale of micro-contacts, and consequently at the
macroscopic length-scale as well:
ucrack = ucrack (σmax ) = ucrack (Ξ · σ̄)
with
Ξ=

σmax
σ̄

with σmax the maximum stress on the edge pillar, σ̄ =

(2.5)
(2.6)

Ftot
1 Fc
= ·
the average
n·A
χ A

stress on each pillar and A the area of one pillar.
The variable Ξ represents the stress concentration on edge pillar and as this work
focuses only on the edge pillar stress concentration, Ξ will be simply denoted stress
concentration.

2.3

Modeling simplifications

For the model, some simplifications have to be made. These simplifications limit
prediction capabilities. For the purpose of simplification, we do not consider a
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dynamic process but a quasi-static detachment process. The dynamics of separation
of pillars is very complex and because the force is not uniform on one pillar, the
separation will be progressive. This evolution of the contact surface on a sub-pillar
length-scale cannot be studied in our model because of the rough surface and the
very large number of nano-scale contacts. In our quasi-static model, the effect of the
dynamic detachment of a pillar on the other pillars is not taken into consideration.
The sudden detachment of a pillar may create a wave which could interfere with the
separation of the next generation of pillars during crack progression.
This study consider the crack to be parallel to one lattice directions (see Figure
(see a) in Figure 1.3). Experiments [Bakker 2012] showed this does not occur in
reality and this is a limit for this study. We assume that the lattice adhesive behavior
not depending on the direction of the crack.
Using FEM, the nano-scale geometry will not be resolved. The contact surfaces
are considered to be perfect planes. Real specimen present asperities which change
the behavior of the stress distribution at the pillar tip.
The last simplification accepted in our model is the choice of boundary conditions. Considering a crack front in infinite medium corresponds to a very large
number of pillars which is not necessarily the case at any time during the crack
propagation for a real specimen, which may exhibit size-dependence.

2.4

Choice of material model

We choose a Polydimethylsiloxane (PDMS) material, as used in previous experimental studies [Bakker 2012]. This material is implemented as an isotropic rubber
material, with a Young’s modulus, E = 3 · 106 MPa and a Poisson ratio ν = 0.49.
This choice of Poisson’s ratio implies an almost constant volume for the specimen,
which is typical for rubber-like materials and biological tissue. The results will not
depend on the value of the constant displacement selected because of the choices of
an isotropic material and non-dimensional parameters.
The choice of a linear elastic material model means that the hyper-elasticity and
plasticity of rubber will be neglected. The validity of the model is then restricted
to small deformations and small displacement.

2.5
2.5.1

Numerical experiments
Base case parameter values

In order to restrict the extent of the studies, some base values for the different
parameters have to be introduced. The parameter studies will therefore consider
parameter values around these base values. The values find their rationale in a
previous study [Bakker 2012]. As previously mentioned, the parameters are nondimensional and only the variations of the ratios AR1 and AR2 will be analyzed
using ANSYS, a commercially available FEM tool (ANSYS, Inc. USA).

2.5. Numerical experiments
E(MPa)
3 · 106
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ν
0.49

H
200

D
5

d
2

`
6

n
50

Note that n denotes the total number of pillars across the width of the specimen.

2.5.2
2.5.2.1

The 2D case
Introduction

We consider the 2D micro-patterned model as described in the previous section.
This geometry corresponds in 3D to a surface with micro-stripes. We will consider
an equidistant spacing of ridges.
In order to ensure the accuracy of the results obtained from the FEM software,
we compare the results with different mesh resolution.
As described in the previous chapter, the boundary conditions applied will be
constant displacement (displacement of 10 in each experiment) at the top surface
with the pillars fixed to the contact surface.
This 2D model, which geometry differs from the real micro-patterned geometry
is used as a simple model to show that the effects of the backing geometry and
the pillar geometry can be separated. We will focus on the larger scale study, and
therefore the main parameter investigated will be χ which is the simplest measure
of the concentration of stress to the edge pillar.
The two forces Fc and Ftot are necessary in order to compute χ. We obtain
Fc thanks to an integration of the total force on the edge pillar by summing the
forces in the contact nodes of the solutions, and Ftot by a similar integration on the
displaced surface in 3D (and line in 2D).
2.5.2.2

Meshing procedure

To mesh this 2D model, we choose the Ansys plane 183 [Ansys 2010] which is defined
by 8 or 6 nodes with two degrees of freedom at each node: translations in the nodal
x and y directions. Smartmeshing [Ansys 2010] allows to fit the meshing to the
geometry and to refine in sensitive regions (see Figure 2.5). A geometry was created
using the base case parameters, a linear elastic material model was employed and
the deformation previously defined was applied to the top surface. Increasing the
number of nodes by almost one decade changes the result χ by less than 1%, as
shown in Figure 2.6. For our geometry, the smartmeshing permits to directly get
an appropriate mesh without the necessity for further refinement.

2.5.3
2.5.3.1

The 3D case
Introduction

We consider the 3D micro-patterned model as described in the previous section. This
geometry resembles the real 3D geometry closely but in a semi-infinite medium. We
will also consider the square lattice.
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Figure 2.5: Screen capture of the deformed edge pillar of the 2D model. Displacements are exaggerated for a better clarity.

Figure 2.6: Values of the force concentration χ on edge pillar for different meshing
refinement represented here by the total number of nodes.

2.5. Numerical experiments
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The use of smartmeshing is still relevant in the 3D and the results do not depend
on the refinement. As declared in the previous chapter, the boundary conditions
applied will be a constant displacement on the top surface with pillars fixed to the
contact surface. A symmetric boundary condition is applied on the side surface in
order to double the number of pillars considered.
In this section will be considered both upper and lower scale, so χ and Ξ will be
studied separately. The use of Ξ is motivated by considering circular pillars, which
have considerably less bending stiffness than ridges (bending deformations become
more important for this geometry). χ is computed with the same integration method
than in the 2D case. To compute Ξ, first σ̄ is computed by division of Ftot with the
total contact area (= n · π · d2 /4). Then is computed σmax of the edge pillar with
the value of the moment M on the pillar. σ is then assumed to vary linearly over
the pillar tip. Finally the σmax value is obtained by integration of the linear σ on
the pillar tip area:
Z
Z
2σmax 2
M∆ = x · σ(x) dx =
x dx
(2.7)
d
A
A
with A the area of the edge pillar, ∆ the line x = 0 (see Figure 2.7) in the plane
of pillar tip.
The forces applied to pillars can be divided into two main components:
• The force due to the spring-like behavior of the pillar with a normal displacement applied.
• The force due to the tangential displacement of the backing which creates a
moment on the pillar tip surface.
These two effects are illustrated in Figure 2.7.
The normal displacement on the pillar is the direct consequence of the constant
normal displacement on the top surface applied in the experiment :
The tangential displacement of pillars is essentially due to the necking effect on
the backing (see Figure 2.8).
This effect can be explained by the Poisson’s ratio of rubber-like materials, which
was chosen to be ν = 0.49 in these experiments. This means that the volume of
a specimen remains constant during deformations. In Figure 2.8, the two volumes
¬ and  are equal. This necking effect affects the backing and its deformation, in
turn, affects the load on the pillars. Consequently, the necking effect on the backing
tends to create a tangential displacement on the edge pillars of the specimen and
therefore creates a moment on pillars. Each of the pillars are themselves affected
by a similar necking effect. The evolution of stress on pillars will depend on the
repartition of the necking between pillars and specimen.
The stress due to the normal displacement of the pillars is represented as a
constant normal traction along the contact surface. However, the direct consequence
of the necking effect previously described is a higher stress on the edge pillar’s contact
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Figure 2.7: Schematics of the normal and tangential forces on pillars and resulting
stress distribution at the tip of the pillar. The normal force is not evenly distributed
in reality and the stress near the edge of the pillar contact area is slightly higher
but its variations are considered negligible

Figure 2.8: Necking effect on a specimen of rubber-like material pulled with a constant displacement on the whole top surface.

2.5. Numerical experiments
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area. Thus, the stress at the contact area would be better represented with a convex
shape. However, we do not study the details of sub-pillar deformation in this study.
The evolution of χ brings to light the geometry-dependence of Fn , the force due
to the normal displacement, while Ξ captures the combined effects of the evolution
of both forces Fn and the stress due to the moment effect. To isolate the evolution
of the moment Ξ − χ will also be studied.

Figure 2.9: Screen capture of the deformed edge pillar of the 3D model. Deformations are exaggerated for clarity

2.5.3.2

Meshing process

To mesh this 3D model, we choose the Ansys Solid 185 [Ansys 2010] which is defined
by eight nodes with three degrees of freedom at each node: translations in the
nodal x, y and z directions. This element is suitable for modeling general 3D solid
structures. Smartmeshing [Ansys 2010] allows to fit the meshing to the geometry
and to refine in sensitive places (see Figure 2.9). The performance of the meshing
in 3D was tested similarly to the 2D case (see Figure 2.10), and that excellent
performance was observed.
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Figure 2.10: Values of χ (diamonds) and Ξ (squares) for different meshing refinement
represented here by the total number of nodes.

Chapter 3

Results and discussion

3.1
3.1.1

The 2D case
Effects of the number of pillars

The two-dimensional geometry was simulated varying the number of pillars in the
range n=2 to n=400. In effect, this means that the aspect ratio of the backing is
varied in the range AR1 =0.05 to AR1 =10. The non-dimensional stress concentration
χ was computed for each simulation and plotted in Figure 3.1.

Figure 3.1: Evolution of the force concentration χ on edge pillar depending on the
number of pillars. Circles are computed data and the solid line is the best tangential
fit though the origin (n=2, χ=1)
Clearly, the increasing of the number of pillars increases the value of χ (see
Figure 3.1). This means that the number of pillars impairs the adherence properties
of the surface. This result indicates the necessity to limit the number of pillars to
increase adherence properties, at least at the scale studied. χ does not reach a stable
value, but appears to reach a maximum value at n=400. Because of computational
reasons, the study cannot be extended to a greater number of pillars in the 2D case,
but the slope between two experimental points in 3.1 seems to decrease with the
number of pillars. We choose, as the base case for our study, a number of pillars of
50, in the zone where the evolution of χ is linear.
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Backing aspect ratio-dependence

In order to simulate the variation of AR1 , the backing aspect ratio, the base case
values have been considered in a 2D geometry varying H in the rage H=125 to
H=2000 , thus changing the aspect ratio of the backing from the range AR1 =0.5
to AR1 =8 while keeping constant the number of pillars (n=50)

AR1

Figure 3.2: Evolution of the force concentration χ on edge pillar depending on the
macroscopic aspect ratio (AR1 ). Circles are computed data and the solid line the
best tangential fit for AR1 > 2
The stress concentration at the edge pillar, as quantified by χ, is plotted against
backing aspect ratio in Fig 3.2. For a very thin backing you get χ close to 1,
corresponding to an even force distribution, as the backing thickness increases you
see χ increasing until a value of AR1 =2, reaching after this value a plateau. In the
limit of very thick backing you observe a constant value for χ of 1.37.
Surprisingly, increasing the macroscopic aspect ratio does not result in better
adhesive properties (see Figure 3.2). With 50 pillars, for AR1 >2, χ does not depend
any more on the thickness of the specimen. This aspect ratio AR1 represents the
aspect ratio of the backing. As the tendency in the last studies is to increase pillar
aspect ratio, we can guess that χ-aspect ratio dependence depends at which scale
the aspect ratio is considered: higher scale (backing) or lower scale (pillars). This
behavior indicates that one should limit the width of the specimen in order to
have better adhesive strength per unit area. This result is consistent with previous
description of forces on the pillars : Increasing AR1 , diminishes the necking effect
because the displacement volume (¬ in Figure 2.7) can be spread along a greater
length (see  in the same figure) once the displacement applied. A more detailed
description of this effect will be given for the 3D case.

3.1.3

Interface pattern geometry-dependence

For this parametric study, the pillar aspect ratio is varied in the range AR2 =0 to
AR2 =10.5 by changing ` from 0 to 21 while keeping AR1 and n constant. An
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aspect ratio equal to 0 means a completely flat surface with no pillars, but with all
boundary conditions respected. The backing geometry values are identical to base
case values.

AR2

Figure 3.3: Evolution of the force concentration χ on edge pillar depending on the
pillar aspect ratio (AR2 ). Diamonds are computed data and the solid line the best
tangential fit at the origin
χ decreases when the aspect ration increases until a value of AR2 =5 when a
minimum value for χ is reached: χ ≈1.15 as we can see in the Figure 3.3. Then, χ
increases with AR2 until last χ values of the study. The increase in χ after AR1 =6
seems to be specific to the 2D geometry, as will be demonstrated later (see section
3.2.3). For the 2D geometry, χ reaches an optimal value for AR1 =5. This result
can be relevant in the design of micro-striped surfaces.
The rise of χ for AR2 >5 is unexpected but can be explained by the higher
extension of edge pillars created by the decrease of tangential displacement and
moment effect. The zone AR2 >5 can therefore be considered as the regime of
prevalence of the pillar extension.
To investigate whether exists a true optimum of the adhesive efficiency at
AR2 =5, a study of stress variations over the tip of the pillar using Ξ is necessary
and will be made in the 3D analysis.

3.1.4

Governing parameters

In order to identify which parameters are more prevalent than the others. The base
case values are considered in the studied model and each term of equation 3.1 are
computed. The number of pillars is constant and to get the partial derivatives,
simulations were conducted for base case values plus and minus 5%.
∂χ
∂χ
∂χ
∂χ
+d
+`
+H
=0
(3.1)
∂D
∂d
∂`
∂H
For the base case values chosen, we can identify which of these parameters is
prevalent as compared to others in the Figure 3.4, knowing that large deviations
D
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from zero indicates a strong dependence on that parameter.
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Figure 3.4: Importance of the different parameters in the equation 3.1
As we can see in the Figure 3.4, the effects of D and H are negligible as compared
to the effects of d and ` in the base case.
Therfore, we can basically simplify the previous equation by :
∂χ
∂χ
+`
≈0
∂d
∂`
We consider χ(`, d) the solution to the differential equation 3.2.
`
This solution can be written in this form : χ(`, d) = χ(`d, )
d
Differentiating with respect to `d :
d

(3.2)

∂χ
∂χ ∂`
∂χ ∂d
=
·
+
·
∂` · d
∂` ∂d` ∂d ∂d`
∂χ 1 ∂χ 1
=
· +
·
∂` d ∂d `
1
∂χ
∂χ
=
· (`
+d )
`d
∂`
∂d
=0
`
The solution χ can therefore be written χ = χ( ) for the base case. However,
d
this result is only true for this base case values and may not be true in the small
aspect ratio limit.
`
This result indicates that χ depends only on the ratio . The pillar considered
d
has therefore spring-like properties and reacts as an isolated part of the system.
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This justifies the separation of scales chosen previously:
• the macroscale : AR1
• the microscale : AR2
This distinction between these two scales comes also with its own limitation.
Only the normal forces on the pillars have been used to obtain this result. Investigating the 3D case will allow us to determine whether this study is still relevant
despite this limitation.

3.2
3.2.1

The 3D case
Effects of the number of pillars

The three-dimensional geometry is simulated varying the number of pillars in the
range n=2 to n=400. In effect, this means that the aspect ratio of the backing is
varied in the range AR1 =0.05 to AR2 =10. The non-dimensional force concentration
χ was computed for each simulation and plotted in 3.5 and also the maximum stress
on edge pillar Ξ in 3.6. All the other parameters are taken to be base case values.
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Figure 3.5: Number of pillars dependence of χ the force concentration for the edge
pillar. Circles are computed data and the vertical dashed line (n ≈=200) separates
the two different zones I and II. χ is increasing with n in the zone I and decreasing
in the zone II.
For a very few pillars, we observe χ close to 1. As the number of pillars increases
you see χ increasing to a maximum value at n ≈200. After this maximum value,
you see χ starting to decrease with the number of pillars. In the limit of very great
number of pillars, the value of χ seems to fall down to 1 but, for computational
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reasons, the study stop at n=400 with χ=1.33 and the fall of χ until 1 is not
certain.
Surprisingly, the behavior of χ depending on the number of pillars is different
than in the 2D case.
It will be assumed that the necking of the backing (see Figure 2.8) increases the
normal force on the edge pillar. The pillar deforms to reduce the elastic energy of
the backing and therefore increases the normal force which is used to compute χ.
We can identify two different zones, each of them representing the prevalence of
one of these two competing effects for the backing and pillars :
1. The necking of the specimen decreases when n increases because the specimen
becomes more difficult to contract, so that the deformation energy becomes
located to the pillars.
2. The necking of the specimen increases when n increases because the displaced
volume at the top of the specimen (¬ in Figure 2.8) is higher.
To identify the importance of these two effects, the evolution of χ, Ξ and Ξ − χ
has been studied in the same graph. χ corresponds to the stress concentration
originating from the normal force. Ξ can be deconvolved into a normal force effect
χ and a moment effect Ξ − χ due to the tangential displacement of the backing.

Figure 3.6: Number of pillars dependence of χ, Ξ and Ξ − χ. Circles, triangle and
diamonds are computed data. Solid lines are the best fit of Ξ − χ at the origin (n=2,
Ξ − χ=0) and for n > 100.
Ξ−χ starts at 0 (no stress concentration) when the number of pillars is very low.
It increases linearly to a plateau beginning at n=50. Finally it starts to increase
linearly again for n> 100.
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Figure 3.7: Evolution of the macroscopic modes of backing deformation when n, the
number of pillars is increasing. Only the backing is represented, and in a) and b) φ
is the angle between the vertical direction and the boundary of the backing
For a very few pillars (n ≈1), the aspect ratio of the backing is very high compared to the aspect ratio of pillars. This means the backing is greatly affected by the
displacement and most of the elastic energy becomes concentrated to the backing.
The geometry is represented in Figure 3.7 a). The volume displaced is little (see ¬
in Figure 2.8) and can be spread along the width (H) of the backing. Therefore,
the angle φ is almost 0, χ ≈1 and Ξ − χ ≈0.
Increasing the number of pillars increases the displaced volume, and consequently
the necking effect as described previously in the effect 2. The geometry of the backing
will move from a) to b) geometry in Figure 3.7. The angle φ increases and appears
a curvature on the limit surface between backing and pillars. An extra displacement
is applied on edge pillars explaining the high-rate increase of χ and Ξ for 1<n<50.
For a small number of pillars (n<50), increasing the number of pillars will both
increase this higher normal displacement of edge pillars and will increase the pillars’
average displacement.
For n>50, starts the decrease of the slope of χ (see Figure 3.5). The displaced
volume is still increasing, but as the backing aspect ratio is decreasing, it becomes
more and more difficult to contract. The elastic energy, mostly located in the
backing, starts to be transferred to the pillars, which elongate more. The neck of
the necking moves toward the bottom of the backing, the geometry moves from b)
to c) in Figure 3.7 and a tangential displacement is applied on pillars. The slope of
χ starts to decrease and Ξ increases for n>100. For n>200, the effect 1 is prevalent,
and χ decreases.
Considering only the normal forces, the effect 1 becomes more important as n
increases in regime II (see Figure 3.6), which is why χ decreases. On the other hand,
the necking increases with the width of the sample, creating a tangential force on the
edge pillar, which explains the increase in Ξ. In the regime II, the upward tend of
the backing necking due to effect 2 is not important enough to offset the downward
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tend due to the effect 1 on the backing.
Thus, for a high number of pillars (n>100), increasing the number of pillars will
both decrease this higher normal displacement of edge pillars (for 100<n<200, the
normal displacement increase is only decreasing, and start to decrease for n>200)
and will increase the tangential displacement.
The plateau which appears for 50<n<100, cannot be formally explained because
the transition from a) to b) and then from b) to c) are mixed modes of deformation
and cannot be separated easily. This zone can therefore be considered as a transition
between two zones of prevalence.
The main conclusion of this study is the strong advantage from the point of
adhesion per contact area for structures with fewer pillars. The more interesting
situation from a adhesion point of view appears when the displacement affects mostly
the macro-scale (the backing in this study) of the whole geometry.

3.2.2

Macroscopic aspect ratio-dependence

A specimen with 50 pillars is chosen for the following studies. This choice can be
justified by the necessity to lower the tangential forces on pillars attributable to
the large number of pillars. This low number of pillars allows to focus on other
parameter dependencies.
In order to simulate the variation of AR1 , the backing aspect ratio, the base
case values have been considered in a 3D geometry varying H in the range H=40
to H=1665 , thus changing the aspect ratio of the backing from the range AR1 =0.2
to AR1 =6.66 while keeping constant the number of pillars (n=50)
This macroscopic aspect ratio-dependence study will focus on the influence of
AR1 on χ and Ξ. The results of this evolution are represented in Figure 3.8.
χ reaches very quickly a horizontal asymptote and then does not depend anymore
on the variation of Ξ for AR1 >1.35. The behavior of Ξ is very different, with a highrate increasing from AR1 =0 to AR1 =1.35, reaching a maximum around Ξ = 1.35
and then decreasing slowly for higher aspect ratios.
The total displacement applied on the backing and the pillars can be divided in
two distinct part: the deformation of the backing plus the deformation of pillars.
For the backing and pillars, a greater displacement will necessarily mean a
stronger necking effect. The precise evolution of the previous graph (see Figure
3.8) can be explained following the evolution of the displacement on pillars and
backing:
• I : With AR1 values close to 0, the displacement is mostly applied on pillars,
and the backing geometry remains the same before and after pulling. The
backing is simply translated, because it is more interesting energetically to
displace pillars. When the aspect ratio AR1 increases (I in Figure 3.8), the
necking effect emerges and the displacement is progressively shared between
pillars and the backing increasing the necking and Ξ.
• II : In zone II, the displacement of the specimen became dominant over pillars
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AR1

Figure 3.8: AR1 -dependence of the force and stress concentration, χ and Ξ. Squares
and diamonds are computed results. The plot can be is divided in 2 zones I and II,
separated by a maximum in Ξ
displacement. The increase of the aspect ratio, allows to spread the displaced
volume (II in Figure 3.8) all along the length H of the backing, reducing the
necking effect and consequently the tangential displacement and Ξ.
Therefore, this behavior of Ξ depending on the backing aspect ratio can be
explained by the prevalence of the deformation mechanisms 3 and 4 in each zone I
and II.
These phenomena occur simultaneously and are competing in the backing with
any aspect ratio AR1 but are prevalent in one zone:
3. The necking increases when AR1 increases because the specimen is easier to
contract.
4. The necking decreases when AR1 increases because the displaced volume on
the specimen ( in Figure 2.8) can be spread all along the height of the
specimen and therefore reduce the necking.
Increasing the aspect ratio AR1 of the macroscopic scale leads to a transfer of
elastic energy from pillars to backing for small aspect ratios and to the reverse effect
for large aspect ratios. The fall of Ξ in the second part seems to be limited and it
reaches a plateau.
The choice of a very thin (<0.1)and high (>4) backing aspect ratio seems to
benefit to adhesive properties.
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Figure 3.9: Schematic of the evolution of the specimen in zones I and II previously
defined in the text.

3.2. The 3D case

3.2.3
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Interface pattern geometry-dependence

This interface pattern geometry-dependence study will focus on the influence of AR2
on χ and Ξ. All the others parameters are kept constant. For this parametric study,
the pillar aspect ratio vary in the range AR2 =1 to AR2 =10 by changing ` from 2
to 20 while keeping AR1 and n constant.
The results of this evolution are presented in the Figure 3.10.

AR2
Figure 3.10: AR2 -dependence of χ, and Ξ. Squares and points are the simulation
results. Ξ − χ is also represented with triangles. Solid lines are the best fit for Ξ for
all values, and for χ and Ξ − χ for high values of the aspect ratio.
The global tendency of these variables is the decrease when the aspect ratio AR2
increases, showing that a high aspect ratio is beneficial for adhesion. For AR2 >6, χ
is almost constant, and Ξ still decreases. This shows the evolution of Ξ is essentially
due to the decrease of the moment on the pillar. For AR2 >6, the necking effect
on pillars remains the same due to redistribution of energy between backing and
pillars, reducing the necking of the specimen. For AR2 <6, the decrease of χ and Ξ
can be explained by the combination of the effect 3 and 4 for pillars defined in the
previous section.
The main conclusion is that the reduction of stress concentrations explains the
strong interest in choosing pillars with a high aspect ratio in experiments [Qu 2008].
This conclusion can be tempered by the well-known problems that occur with too
high aspect ratio. If we do not consider the necking effect of the backing, there is
no benefit to choose a higher aspect ratio than 6 for the pillar in this precise case.
This understanding suggests that one should attempt to find solutions to reduce the
necking effect at higher scale, rather than to excessively increase the pillar aspect

30

Chapter 3. Results and discussion

ratio. One experimental solution to reduce this necking effect will be proposed in
the next section.

3.3
3.3.1

Reduction of the necking effect
Reducing the Poisson’s ratio

As noticed, in the previous parametric dependence studies, the necking effect is predominantly responsible of the rise of stresses on edge pillars and, at the microscopic
scale, at the edge of pillars of micro-patterned surfaces. This necking effect is essentially the result of a Poisson’s ratio close to 0.5. The choice of a PDMS material is
consistent with previous studies and offer a lot of advantages, like a better adaptation to the contact surface than other materials. However, a lower Poisson’s ratio,
close to 0 for example, would reduce the necking effect; the volume of the material
would not be constant under extension.
Designing an adhesive surface by requiring a specific Poisson’s ratio would
severely limit the choice of materials, creating a costly solution. It is better to accept the limitations of the material, that is ν=0.5, and design the micro-structures
for optimal adhesive strength. Therefore, the investigation is limited to rubber-like
materials.
As discussed in the introduction, the Poisson’s ratio-dependence of the material
will not be studied in this thesis, because of the difficulties to compare results with
experimental results. However, another method for reducing the adverse effect of
necking has been experimented. This solution has the advantage of using the same
material as in the previous study, and has been inspired by the conclusions drawn
from the parametric study.
Geometrically, a reduction of the Poisson’s ratio to a value close to 0 would mean
that the side surface of the specimen which is convex with a 0.49 Poisson’s ratio,
would become plane. The challenge is to create a micro-patterned surface which is
less affected by the high number of pillars than previously.

3.3.2

Hierarchically structured, micro-patterned adhesive surfaces

As a high number of pillars in one scale is not a good choice (see Figure 3.6),
introducing multiple levels of scale seems instinctively to be a solution, miming
the gecko which also uses hierarchical structures. This would allow having a great
number of pillars without increasing too much χ and Ξ.
We will now compare the properties of two different geometries with the same
parameters:
E(MPa)
3 · 106

ν
0.49

H
600

D
5

d
2

l
6

n
100

The geometry of specimen 1 is the same as described in the previous sections.
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Figure 3.11: Specimen 1: One scale geometry with 100 pillars in 2D view
Specimen 2 has a geometry with 3 levels of scale of pillars. The backing is
divided into 4 sub-backings which themselves are divided into 5 sub-sub-backings
which are divided into 5 pillars(See figure 3.12).

Figure 3.12: Specimen 2: Hierarchical geometry with 100 pillars in 2D view
χ and Ξ were computed and compiled into the table below:
Specimen 1
χ
Ξ
1.65 6.56

Specimen 2
χ
Ξ
1.27 4.81
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This result clearly shows the benefit of introducing this hierarchical geometry.
The reduction of the necking effect can be understood as the filling of inter-spaces
between sub- and sub-sub-backing. The necking effect is therefore better distributed
among pillars reducing χ and Ξ.
This result is consistent with previous studies using hierarchical structures and
with the geometry of a seta from a gecko.

3.4

Dynamic rupture

Our model assumed a quasi-static approach. However, as explained in the introduction section, dynamic evolution of the crack asks question which can be answered to
some extent with a FEM tool. Bakker and co-workers’ study [Bakker 2012] shows
that the crack line in the square lattice evolves making a tangent angle between 2:1
and 3:2 with the lattice main direction (see Figure 1.3), from the square corner to
the center of the square, in the case of a square specimen with square lattice.
Because of computation time becoming excessively high, we cannot model a real
square specimen with the FEM tool. In this study, only a crack in a semi-infinite
medium will be considered and not a crack at a corner of a square specimen. The
aim of this study is to determine if the crack direction is an intrinsic property
of the square lattice which favor certain directions or if the crack direction is the
consequence of boundary pillars that cannot be analyzed in our model because of
the assumption of a semi-infinite crack front.
Three directions have been studied separately, in order to find if the lattice crack
more easily in one of these directions (see Figure 3.13):

• the parallel direction
• the 2:1 direction
• the 3:2 direction

Since this study concerns a crack that is already initiated, the necking effect is
thought to be significantly reduced (the crack is not near the edge of the backing
anymore, so there is backing material above the crack that reduces the necking
effect). Therefore the parameter χ is the most interesting to study the evolution on
edge pillar. The base case values are still used.
The boundary conditions are similar to the 3D case ones, but the specimens
differ:

3.4. Dynamic rupture
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Figure 3.13: A top view of three different geometries implemented in the FEM tool.
a) the parallel crack front case, b) the 2:1 direction crack front case and c) the 3:2
direction crack front case. The red colored region represents the tape implemented
in each case from a top view.
For each of these model geometries, the specimen implemented in the FEM tool
is the thinest tape representative of the whole lattice in a semi-infinite medium in
the corresponding
direction. Therefore,√the width of the tape is D in the parallel
√
direction, 5D in the 2:1 direction, and 13D in the 3:2 direction. n still represents
the number of pillars, but in one direction only and not on the whole model. For
example, in the 3:2 direction case c), each line of pillars in 3:2 direction perpendicular
to the crack front includes n pillars (see Figure 3.14).

Figure 3.14: Example of specimen implemented in the FEM tool: the 3:2 direction
specimen before deformation is applied.
For each of these models, we have the same boundary conditions, periodic on
the side surfaces, constant displacement on the top surface and no displacement on
pillars tip surfaces. The definition of χ is the same as previously considering the n
as the total number of pillars on the specimen and Fc correspond to the force on
the pillar the closer to the crack.
We are studying the evolution of χ depending on the number of pillars n from
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n=2 to n=50, and the result appears in Figure 3.15.
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Figure 3.15: χ dependence on the number of pillars. Squares represents parallel
direction, diamonds 2:1 direction and triangles 3:2 direction.
The behavior of χ is essentially the same for the three different directions, χ
is increasing almost linearly with the number of pillars n. The highest slope of χ
is obtained for 2:1 crack direction, and the lowest for 3:2 direction. However, the
results are so close that it is difficult to attribute the experimental crack direction
between 2:1 and 3:2 to the stress distribution in a semi-infinite medium.
This experimental direction result cannot neither be explained by a simple symmetry; considering a corner of a square, there is two possible directions 2:1 and
3:2. We can therefore conclude that the reasons for the experimentally observed
crack angle are situated on the pillars which are close to boundary, which cannot
be studied with our methodology. I would have to study the stress concentrations
at the intersection between the crack front and the edge of the specimen to uncover
the reason for the crack front directions, and that would require more computing
power and time.
The result of this dynamic study also allows us to reduce the limitations of the
whole work. We assumed at the beginning that the crack front is parallel to one
lattice direction and the Figure 3.15 shows the behavior of χ is similar for this
direction and for 2:1 and 3:2 direction.

3.5

Discussion

The study of how different parameters affect the adhesion properties allows us to
answer the questions determined initially in section 1.3. This discussion will give
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geometrical advices in the development of future generation micro-patterned surface.
As explained in the sections 3.1.1 and 3.2.1, a high number of pillars is harmful
for the adhesive properties of micro-patterned interface.
This property can be illustrated with two practical examples :

Figure 3.16: Stripe band, pillar-covered, infinitely long in one direction and w width
in the other direction.
We consider a stripe band as in 3.16, infinitely long in the horizontal direction
and w long in vertical direction. We have w=n · D with n the number of pillars
in a vertical line, and D, the interspacing between pillars. We assume that this
stripe band detaches from a contact surface with an horizontal crack front, so with
a crack in a semi-infinite medium. We can therefore apply the results of the 3D
case. According to 3.6, we have Ξ ∝ n, assuming we have n sufficiently large to be
in the second zone of the graph. Consequently we have:

σmax = Ξ · σ̄
∝ n · σ̄
∝n·

∝

Ftot
π2
n d2
4

Ftot
d2

This means the maximal stress does not depend on the number of pillars, and if
we assume that the adhesive force depends only on σmax , we can conclude that the
adhesive properties of the stripe band does not depend on its width. This is a very
non-intuitive result, nevertheless substantiated in this study.
Another instinctive idea in considering adhesive surface is that when one wants
to double the resistance force of a piece of adhesive tape, you simply have to double
the surface of the piece. The results obtained in this paper shows that this reasoning
is totally wrong in the case of micro-patterned surfaces with a thick backing. If the
second fit in the 3.6 is considered, the value of Ξ is doubled each time the number of
pillars is doubled. A square of 2a side would therefore exhibit an adhesive force only
twice bigger than a square with side a, if we consider the adhesive forces linearly
dependent on Ξ.
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This property could bring a serious limitation to the usage of such adhesive
material because large areas often need often to be covered with adhesive. However,
the possibility to use hierarchical structures and the associated improvement of
characteristics can be a solution to the non-adaptability to one scale micro-patterned
surface to large adhesion areas.
For the 2D geometry, χ reaches an optimal value for AR1 =5. This result can
be relevant in the design of micro-striped surfaces, but can’t be applied to a 3D
patterned surface. The easiness to bend pillars with high aspect ratio reduce the
moment on the pillar tip and therefore tends to reduce χ. These studies concerning
aspect ratio for the 3D geometry shows a certain interest for high aspect ratio (>4) of
the backing, that is the macro-scale. A very low aspect ratio (<0.1) could also have
good properties but such thin backing would be very fragile to use. Furthermore,
such thin backing would remove the possibility to build hierarchical geometry as
elaborated in the part 3.3. The better choice for backing aspect ratio is therefore a
high aspect ratio, AR1 >4 in our specific case.
The main remark on the study of the pillars aspect ratio is the same strong
advantage for high aspect ratio. Despite this fact, too high aspect ratios are not
necessarily a good choice because of the reasons exposed before. Because the necking effect on the backing is responsible of the benefits of aspect ratio AR2 >6, the
reduction of this necking through higher AR1 would definitely reduce this benefits.
In the simple case of a one scale interface geometry, the best choice would be to
choose first a higher AR1 until there are no more benefits, and in a second time, to
choose the lowest value of AR2 with a stable value of Ξ and χ.
The last study in section 3.4 about dynamic rupture allows us to consider the
in-plane distribution as an essential parameter in the detachment process of the
specimen. Knowing from experiments the path of the crack across the interface of
a squared specimen could make it possible to design a lattice which arrests or slow
the crack by imposing another crack direction. The main conclusion of this study
is that in the design such in-plane distribution, the pillars close to the boundaries
will determine the crack angle. To try different lattice in a next study would be
interesting in order to confirm the importance of the 2D distribution of pillars. The
intersection between crack front and boundary would need to be studied to find the
origin of the crack direction in a square lattice.
The introduction of a hierarchical geometry shows good results decreasing both
χ and Ξ. Such structures could be a solution making it possible to artificially reduce
the Poisson’s ratio ν of the whole specimen. Considering only the external surface,
the geometry is close to a similar material with a lower Poisson’s ratio, the necking
effect is significantly reduced. Therefore, hierarchical geometry allows keeping all
the advantages of rubber-like materials while reducing the necking effect. It would
be interesting in a next study to see the limitations of the number of levels of
hierarchical structures, because in our study the choice of three levels is arbitrary.
Another advantage of such hierarchical structure, which is not studied in this paper,
is a better adaptation to the contact surface. The backing looses its rigidity and
pillars will have a better adherence.

Chapter 4

Conclusion

As a conclusion, some design recommendations can be given for future studies which
consider these micro-patterned surfaces :
• To choose a high aspect ratio of pillars as possible.
• To prefer hierarchical structures and minimize the number of pillars at each
level of scale.
• To carefully design the arrangement of pillars at boundary to delay the crack.
This thesis asks new questions which were not expected at the beginning of the
study. It would be interesting to understand precisely the influence of the number of
scales of the hierarchical structure in order to optimize the aspect ratio of sub-pillars
at each level. The dynamic aspects also leave a lot of unanswered questions which
may be easier to solve with a real material experiment. This thesis does not offer a
complete answer to the micro-patterned optimization but gives some design paths
for new surfaces and confirms the interest of past studies with large aspect ratio
pillars.
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Geometry-dependence of the adhesive strength of biomimetic,
micropatterned surfaces
Abstract: Pressure sensitive adhesive surfaces are often inspired by
nature. Miming the toe-surface of gecko, engineered surfaces made
of thousands of micro-pillars show promising adhesive properties.
This surfaces, covered with cylindrical pillars arranged into a pattern have adhesive properties greatly dependent on the geometrical
characteristics. In this thesis, have been studied successively two
models of micro-patterned surfaces, one two-dimensional, the other
in three-dimensional using a FEM tool. Varying geometry parameters, has been determined optimal geometries to improve adhesive strength on these biomimetic, micropatterned surfaces. This
study concludes to the non-adaptability of one-level scale micropatterned surface to large area of adhesion, to the strong advantage
from the point of adhesion per contact area for high aspect ratio at
each level of the geometry and study the opportunity of hierarchical
structures. Some further suggestions of improvements to adhesion
properties are discussed in the final chapter.
Keywords: biomimetic, micro-patterned surface, adhesive surfaces, gecko

