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1. Introduction

Micro-patterned  surfaces, inspired by the
observation of natural systems [1], have been drgi
strong scientific interest as a consequence ofr thei
enhanced adhesive [2-6], or superhydrorepellent [7]
properties. Because of their relevance in (i) meldic
adhesive bands [8, 9], (ii) gecko inspired robdt, [11],

(iii) gecko tires [12], (iv) adhesive gloves andts|i13],
several efforts have been made to fabricate férill
surfaces which may replicate the adhesive propedie
geckos and insects [14-17]. The amazing adhesion of
such man-made biomimetic surfaces has been
considered as a sort of magic, until very recendiss
have shed light on the fundamental physical
mechanisms providing their micro- and nano-strustur
surfaces with optimized adhesive properties [5, 6].
However, often these systems shown almost perfect
isotropic adhesive properties which do not perfefitl
those engineering applications, (e.g. robot-locammot
and object manipulation) where enhanced adhesion is
desired for loading in one direction, and no enlkament

or a reduction in adhesion is desired along other
directions to facilitate system detachment.
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Figure 1 The geonmetry of system under investigation
layer with parallel micro-walls connected with a
terminal thin plate.

In this paper, we focus on this last aspect of the
problem, and propose a new architecture constitoyea
sort of parallel wall-like structures as shown ig.Fig1,
which present very high adhesion when the detachmen
direction is normal to the walls and can be easily
removed by applying a bending moment in a plane
parallel to the walls.

2. Formulation

We assume that the system is loaded with an
external bending moment in tlkey plane and applied to
the left edge of the structure (see Figure 2).
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Figure 2 The cross section in the x—y plane of the
fibrillar structure under investigation.

The thickness of the backing layer is also assumed
significantly larger (up to 10 times) than the fikbrone
to correctly reproduce the size of the micro-suiet
with respect to the supporting layer of a real getsy
The thin film covering the walls makes contact with
rigid flat surface and a crack is assumed extendimg
the interface along the-direction. We also assume that
the structure is much longer (along tkexis) of the
existing crack to neglect border effects, and that
detachment is governed by the propagation of thekcr
from the edge.

For a reversible and isothermal transformation the
total free energyJ,,; of the system is the sum of the

elastic energy, the potential energy associatedh¢o
applied load, and the surface enerdy. The system

will spontaneously moves out of equilibrium wher th
variation of the total energy.; is negative, i.e.

dU,,; =dUp +dU, +dU, <0 1)
In eq. (1) dUp, =-Md@ is the variation of the

potential energy associated with the constant lbendi
moment M :K(I)B (being € the rotation angle of

the left edge of the system where the momevit is
applied, and K(I) the constant of proportionality

between these two quantities, i.e. the stiffness),
dU, =1/2Mdé@ is the change in the elastic energy
stored in the system andlUg = Ajbdl is the change
in the surface energy, whereAy is the work of

adhesion. Recalling that the energy release r@e at
the crack tip is defined as [18]

G - _a(Utot _US) (2)
0A
where A=bl is the detached area (withb the

constant linear size of the system along the -axis,



and | the crack length), spontaneous evolution of the
system will occur when

dU,, =-(G-Ay)bdi<0 ©)
If G>Ay the above inequality (dF) requiresil >0
and the crack will spontaneously advance causieg th
detachment of the system. I <Ay the crack should

recede. We observe that the strain energy relestse r
G can be written as

o()=M"% @
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Thus, under constant applied bending mombhthe
quantity G is related to the variation of the system
compliance C=1/K , which occurs as the crack
advances of a unit length. When the crack moves
perpendicularly to the wallgge. along the x -axis, the
periodic geometry of the system will force the gyer
release rate G to vary periodically with the spatial
period A . Recalling that AU, =-1/2AU, , the

average value ofG(I) is then

AU
ave = 5)
where AU, is the change in stored elastic energy

which occurs when the crack advances of a spacial
period A . On the other hand when the crack moves

parallel to the wallsi.e. along the Y -axis, the energy
release rate G(I) cannot change and therefore it
remains constant.

A Finite Element (FE) analysis has been carried out
with the aid of the commercial software ANSY'S [119],
evaluate the variation in energy release rate which
occurs during the crack propagation. Two-dimendiona
guadratic plane strain elements have been adopted t
mesh the overall geometry. The material is assutbed
be nearly incompressible with Poisson's ratip = 0.5
and elastic modulus E =3 MPa.

3. Results and discussion

Figure 3 shows the variation of the raBdG gy,
between the energy release r&eof the proposed
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Figure 3 The variation in the energy-release rate G
of the proposed system, normalized with respetiidab
of a flat control sample £, as a function of the
dimensionless crack lengtl/

Notice that the maximum value @& occurs when the

microstructured system and the energy release rate crack tip is located below the wall, where thefiséigs of

Gy Of the flat control sample, as a function of the

dimensionless crack length/ A, for different values of
the geometrical parameters. As expec®dG;,, is a

periodic function ofl / A . The variation ofG with the
crack lengthl is positive @G/dl >0) when the crack
is located underneath the wall. In this case enfiogys
from the system to the crack tip, and the crackldeio

the system is higher. This means that crack trappiay
occur only in those regions where the system is
sufficiently compliant, i.e. in between two constei
walls. The limiting case is obtained when the tfilim
covering the walls is interrupted. This should pdevthe
structure with amazing crack tapping properties as
already observed in microstructures based on dasimi
principles, as those constituted by a regular itistion

spontaneously advance. On the other hand, when the of mushroom shaped pillars [5, 6, 22, 23]. In Feg8we

crack tip is in between two adjacent walls, craekping
(i.e. dG/dl<0) occurs: the crack stops and cannot

also analyze the influence of the thicknds®f the thin
film, and the spacingA between the walls on the

propagate thus enhancing the adhesive strength, in adhesive properties of the system. Since crack

agreement with some experimental observationsg26]
other previous calculations [21].

propagation occurs without interruption only when
Gnin >4y , one concludes that those particular

modifications of the geometry which determine an
increase of the system compliance in between two
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adjacent walls, as for example a reductiort obr rather
an increase ofl , are strongly beneficial since they lead
to a significant reduction of the minimum val&,,, of

the energy release rate (i.e. to an enhancemetiteof
crack trapping properties of the structure).
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Figure 4 The variation of the critical bending
moment M. , necessary to fully detach the fibrillar

structure, normalized with respect to that of a flantrol
sample My, , as a function of the film thickness t with

s = 4um, h = 85um, A = 95um, (a); and wall spacing
with t = 2um, s = 4m, h = 85um, (b).

In view of the above arguments one concludes, for
example, that if the thicknests of the film becomes

vanishingly small, the minimunG,,, of the energy

release rate also vanishes and crack propagation is
completely inhibited. In this case, a very high lagap
moment M would be necessary to detach the system. In
reality, by increasingM , large tensile stresses develop
beneath the walls and the interface fails becaitkere

the so called mode Il debonding mechanism is aetiva
(as observed in the case of optimally designed noash
shaped pillars [5, 6, 23], or in the case wheezdlis a

continuous thin sheet connecting the ends of theldi
[20]), or mode Ill detachment occurs since thesstre
beneath the walls exceeds the interfacial van daltsw
strength (notice that in the current context, mgde,
and 1ll do not correspond to the terminology usuall
adopted in the linear elastic fracture mechani&sH\).
Here, mode | means an opening mode crack, mode I
means interfacial cavitation at a defect, and mbte
means full interfacial failure at the theoreticahit,
corresponding to the interfacial van der Wallsrggt).

By following the same procedure as in [5], we can
estimate the critical wall stress which activates iode
Il debonding mechanism as

A},ED 1/2
I = [ Zmaj

where2a is the defect size an&"= E/(l—vz) is the
composite Young's modulus. Assuminga =20 nm
and Ay=16mJ/n? , E=3MPa, v=05 we get

o0, = 317MPa . We notice that, for soft adhesives, the
stress g, is always much less than the theoretical van
der Waals contact strengttr,, =Ay/p , where

£ = Inmis the typical range of van der Waals forces. One
can easily calculate the bending momeM, which
activates crack propagation from the edge (i.e. anod

debonding mechanism) by enforcing the condition
Gnin =4y, and using Eq. (4), which gives

|\/|I = L}b
oc/al|

Recalling that the system is linearly elastic, thement
M, necessary to activate the mode Il debonding
mechanism, associated with the growth of interfacia
defects underneath the walls, can be calculated as

My _ oy

VR (8)
where M is the value of the applied moment and
is the corresponding stress in the walls.
Figure 4 shows the critical bending moment
Mc =min{MI ,M”} necessary to fully detach the
fibrillar structure as a function of film thickness, and
wall spacing A . Results are normalized with respect to
the debonding moment M ;,; necessary to detach the
flat control sample. Notice, that thanks to theckra
trapping properties of the fibrillar structure, the
adhesion strength, for the test cases considerghein
present study, is increased up to about 10 times if
compared to the flat control case. We observertitate
| or mode Il debonding may be both activated,
depending on the geometry of the system. Theréfdse
not beneficial to increaseM, beyond the value

M, since, in this case, the mode Il debonding

mechanism is the one which limits the performante o
the system, i.e. the optimal geometry maximizes
M subjected to the constraill, =M, . Figure 5

shows the critical ratioM /M g,; necessary to fully

(6)

()

3



detach the system as a function of the film thicsng,
when the fibrillar structure is loaded in theyz plane,

so that crack propagation occurs parallel to thi-hka
structures. This time M. is reduced of more than 10

times if compared to the values obtained in Figure
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Figure5 The variation of the critical bending
moment M ,necessary to fully detach the fibrillar
structure (this time the detachment direction isatiel
to the walls), normalized with respect to that oflat
control sample M, , as a function of the film

thickness t with s =@m, h = 85%m, A = 95um.

The system can be very easily detached, even ¢haier
the flat control sample.

4, Conclusions

In this work we have presented a new architecture f
biomimetic micro-structured adhesives which possess
anisotropic adhesion properties. The proposed rsyste
constituted by micro-walls covered by a thin layand

presents high debonding strength when detachment

occurs normally to the micro-walls, whereas it ew
easy to detach when detachment occurs paralldigo t

micro-walls. The reason of such strong adhesion

anisotropy is easily explained: In the former cése
microstructure enables crack trapping, thus préwgnt
crack propagation. In the latter case crack trappin
cannot occur and a crack may easily propagate Yea b
constant flux of energy per unit area from the eyst
The new architecture proposed in this paper, if gamad

to other structures made of a regular pattern kdirpj
may turn out very successful in those applicatiass
manipulation systems, mobile-robots, climbing gkve

and suits where anisotropic adhesion is required to

prevent the system from remaining stuck to the tsates
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