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Functional Adhesive Surfaces with
‘‘Gecko’’ Effect: The Concept of Contact
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Nature has developed reversibly adhesive surfaces whose stickiness has attracted much research
attention over the last decade. The central lesson from nature is that ‘‘patterned’’ or ‘‘fibrillar’’
surfaces can produce higher adhesion forces to flat and rough substrates than smooth surfaces. This
paper critically examines the principles behind fibrillar adhesion from a contact mechanics perspective,
where much progress has been made in recent years. The benefits derived from ‘‘contact splitting’’ into
fibrils are separated into extrinsic/intrinsic contributions from fibril deformation, adaptability to rough
surfaces, size effects due to surface-to-volume ratio, uniformity of stress distribution, and defect-
controlled adhesion. Another section covers essential considerations for reliable and reproducible
adhesion testing, where better standardization is still required. It is argued that, in view of the large
number of parameters, a thorough understanding of adhesion effects is required to enable the fabrication
of reliable adhesive surfaces based on biological examples.
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1. Introduction

The design of new functional surfaces often follows

unexpected paths: e.g., windows are easier to clean when

their surfaces are not perfectly smooth, but have a particular

roughness; swimmers clad in special suits have broken world

records because of the lower resistance offered by the water

(these suits have recently been banned from international

competition); lenses with roughened surfaces reflect less light

and produce better pictures; and, maybe soon, reusable

adhesives will be made more sticky by creating three-

dimensional surface patterns.

In all of these cases, it is a particular micro- or

nanopattern—often in the form of microfibrils—that creates

a significant benefit over perfectly flat surfaces. The associated

mechanisms, being largely counter-intuitive, were not

invented by man but appeared in the course of evolution

(Fig. 1): the lotus leaf and other plants have self-cleaning

properties, maximizing the energy production through

photosynthesis;[1] sharks move more efficiently in water

because the ripples on their skin mute the effects of

turbulence;[2] the eyes of moths and other insects have
35
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Fig. 1. Patterned surfaces in nature: (a) photograph and (b) scanning electron micro-
scopy (SEM) image of lotus leaf.[1] (c) Cartoon and (d) SEM image of the scale structure
of shark skin.[2] (e) Photograph and (f) SEM image of an antireflective moth’s eye.[3]

(g) Photograph and (h) SEM image of Gekko gecko adhesive structures. BR:
branch.[45,127] Reproduced with permissions from Springer Link (a,b), E. Schweizer-
bart’sche Verlagsbuchhandlung, Science Publishers (c,d), Taylor & Francis and Mayo
Foundation for Medical Education and Research (e,f), Company of Biologists and
Elsevier (g,h).
anti-reflective properties;[3] and several animals, e.g., insects

and geckos, owe their superior climbing and clinging ability to

adhesion organs with microscopic fibrils.[4]

This paper focuses on artificial adhesive surfaces inspired

by nature’s example. Several research groups have synthe-

sized such fibrillar structures over the last decade (for

examples see Fig. 2). Initial efforts focused on the develop-

ment of simple vertical fibrils with diameters in the micron

range.[5,6] The first systematic variation of fibril diameters and

aspect ratio was conducted by Greiner et al.;[7] it was clearly

shown that polydimethylsiloxane (PDMS) exhibited size-

dependent adhesion and that only the finest fibrils (diameter

of 5mm) exceeded unstructured PDMS control samples in

adhesion strength. To fabricate more complex structures,

closer in design, and performance to biological systems,

combinations of patterning techniques were used. For

example, photolithography and an inking method were used

to manufacture fibers with mushroom-like tips.[8–13] The most

systematic study to date is by del Campo et al.;[9] comparison
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 5 � 2010 WILEY-VCH Verl
of several contact shapes, among them spherical, flat punch,

mushroom-like, and spatular tips, clearly confirmed the

superiority of the mushroom shape, in some cases even

surpassing the gecko adhesion limit. Recently, also tilted

fibrils were modified with mushroom tips placed at a

controlled angle with respect to the fibril.[10] Adhesion studies

performed on these systems showed high directional adhe-

sion, with shear forces almost six times higher in the gripping

direction than in the releasing direction. Other advanced 3D

geometries have been obtained by combining photolithogra-

phy and dry etching methods.[14–18]

Some of the relevant fabrication methods are schematically

summarized in Figure 3; they can be classified into micro/

nanofabrication with or without the use of a template (Fig. 3a

and b) andmay contain an inking or coating step tomodify the

fibrillar structures after molding (Fig. 3c). Fabrication has been

the subject of earlier reviews, e.g., by the present authors.[19–22]

Fibrillar adhesion is the manifestation of a seemingly

simple concept that has been named ‘‘contact splitting’’:[23]

adhesion can increase substantially when a single contact is

split into many finer ones. The ramifications of this concept

are, however, quite complex. In order to fully exploit this

effect in artificial structures, a thorough understanding of the

relevant contact mechanics is required.

Excellent reviews that cover certain aspects of the topic

have been published, e.g.[19,24–30] The field is at present

developing extremely rapidly; no article, including the

present one, can capture all aspects and do justice to all

authors in this subject. The present paper complements earlier

articles by focusing on the current understanding of the

mechanics of fibrillar contacts and on new aspects of adhesion

testing.

2. Mechanics of Fibrillar Adhesion—The
Effects of Contact Splitting

Adhesion between fibrillar surfaces and smooth substrates

can be stronger than between two smooth surfaces.[6,31,32]

Furthermore, patterns with small dimensions are often

observed to be superior to those with a coarser scale.[7,33,34]

At first sight, fibrillar or patterned surfaces seem to be at a

disadvantage because they create less adhesion area with a

substrate than a monolithic, continuous contact. This assess-

ment, however, assumes that the adhesion force is propor-

tional to the contact area, which in view of more detailed

contact mechanics considerations is untenable. Fibrillar

elements interacting with a substrate by short-range mole-

cular effects (such as van der Waals forces) can exhibit higher

adhesion due to several mechanisms. Following a similar

categorization by Majumder et al.,[24] contact splitting effects

can be grouped as follows (Fig. 4):

(i) Extrinsic contribution to the work of adhesion: fibrillar

surfaces are more resistant to peeling because the strain

energy stored in a fibril just before pull-off is not avail-

able to drive detachment of the next fibril. Another way
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 337
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Fig. 2. Examples of fibrillar arrays fabricated by different methods (SEM micrographs). Direct nanofabrication without the use of a template by e-beam lithography (a)[5] or chemical
vapor deposition (b).[85] Replication of templates by means of molding, using either porous membranes (c),[83] micromachined (d,e),[69,13] etched (f),[18] or photolithographic templates
(h–l).[7,9,10] Reproduced with permissions from Nature Publishing Group (a), National Academy of Sciences (b), VSP (c,d), Royal Society Publishing (e), National Academy of
Sciences (f), Wiley-VCH (g), and American Chemical Society (h, i, k, l).

Fig. 3. Overview of fabrication methods used for fibrillar arrays. (a) Direct nanofabrication without the use of a
template: (A) E-beam lithography was used to microfabricate polyimide pillars.[5] (B) Chemical vapor deposition
was used to grow arrays of vertically aligned carbon nanotubes.[32,85–88,128] (b) Replication of templates by means
of molding: (A) commercially available porous anodized alumina or polycarbonate membranes were used as mold
directly.[6,66,82–84,129–133,134] (B) In photolithography, light is used to transfer a pattern from a mask to the resist
on the substrate, resulting in molds with precise control over the geometric parameters.[7,9,17,33,63,64,92,104,135]

(C) More complex molds were fabricated by a combination of photolithography and etching techniques.[14–18]

(D) With micromachining, complex templates, but limited to relatively large feature sizes were fabricated.[62,69]

(c) Modification of fibrillar arrays after molding by inking to produce different tip geometries (A),[8,9,10–12] or
coating to modify the chemistry of the pillars (B).[71,124,136–139]
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of putting it is that the detachment

‘‘crack’’ has to be re-initiated fibril by

fibril, where re-nucleation of peeling is

more difficult than its continuation.[35]

(ii) Adaptability to rough surfaces: long

fibrillar elements can conform to rough-

ness of the substrate with less strain

energy penalty. This effect is most pro-

nounced in hierarchical fibril sys-

tems.[36]

(iii) Size effect due to surface-to-volume

ratio: for small contacts, the penalty

associated with the distortion required

for accommodation, being controlled by

volume, vanishes more rapidly than the

surface energy gain. This favors the

adhesion of smaller contact

elements.[23,37]

(iv) Uniform stress distribution: unlike lar-

ger contacts, adhesive contacts below a

critical size have been shown to develop

a uniform stress distribution at maxi-

mum adhesion strength before pull-off

occurs. Bundles of very small adhering

fibrils can thus collectively reach theor-

etical adhesion strength; in addition,

they are more defect tolerant.[38]

(v) Defect control and adhesion redun-

dancy: if adhesion defects control
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 5
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Fig. 4. Schematic representation of adhesion mechanisms in fibrillar surfaces identified
to date (‘‘contact splitting effects’’): (a) extrinsic contribution to the work of adhesion;
(b) adaptability to rough surfaces; (c) size effect due to surface-to-volume ratio; (d)
uniform stress distribution; (e) defect control and adhesion redundancy. The overall
effect on adhesion may be a superposition of some or all of these mechanisms.
detachment, it is better to have small defects; splitting up

into finer contacts will limit defect sizes, and adhesion

will be stronger. By contrast, a large defect in a mono-

lithic contact is more damaging and will lead to easier

detachment.[39]

A brief summary of adhesion basics will now be given,

followed by a more detailed, critical discussion of the

advantages of fibrillar systems.

2.1. Adhesion Basics Revisited

From the physical point of view, adhesion can be simplified

to a traction law that defines the attraction between surfaces

being brought adjacent to each other. If we consider two flat,

parallel surfaces at a distance d apart, the force per unit area of

the attraction (the traction) is given by T(d), where d¼ 0 is the

configuration in which affinity between the surfaces is

balanced exactly by quantum repulsion among the molecules.

The work of adhesion, w, is then given by:[40]

w ¼
Z 1

0

Tdd (1a)
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 5 � 2010 WILEY-VCH Verl
The work of adhesion can also be written as:

w ¼ g1 þ g2 � g12 (1b)

where g1 and g2 are the surface energies of the materials when

exposed to air or vacuum, and g12 is the interface energy when

the two surfaces are adhering to each other.[40] The interaction

can be modeled in a variety of ways; a special case, often useful

for obtaining insights on scales that are macroscopic compared

to material interaction distances, is to take the distance over

which the interaction is felt to be vanishingly small, but with w

remaining finite; this implies that the attractive traction

diverges. In this case, Equation (1a) loses its utility, but

Equation (1b) still prevails. Other models of the interaction

include the use of power law terms that provide the balance

among attractive and repulsive forces; examples are a power

law model of van der Waals interaction,[40] a Lennard–Jones

model, and the Dugdale interaction, which assumes a traction T

that is independent of d up to a finite interaction distance do
and zero beyond there.[41] As a consequence, the work of

adhesion is w ¼ Todo, where To is the attraction operating when

d � do.

The complexity of adhesion arises when the two surfaces

are no longer flat and hence accommodating deformations

become important. The classic Johnson–Kendall–Roberts

(JKR) concept[37] has received much renewed attention

because of its applicability to biological structures. It invokes

the elasticity of initially spherical surfaces, and combines this

phenomenonwith the work of adhesion for the case where the

interaction distance is vanishingly small and the attractive

forces are divergently large. The force required to form a

circular contact of radius a is then given by:

P ¼ 4E�a3

3R
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8pE�a3w

p
(2)

where E� is the reduced elastic modulus:

1

E� ¼
1� n21

E1
þ 1� n22

E2
(3)

with Ei being Young’s modulus and ni Poisson’s ratio, the

subscript indicating a possible difference in material for each of

the surfaces in contact. The reduced radius R is defined as:

1

R
¼ 1

R1
þ 1

R2
(4)

where Ri are the radii of the two spherical surfaces in contact.

Note that the model assumes infinitesimal strain of isotropic

materials, and that a is much smaller than Ri. In load control, the

magnitude of the tensile pull-off force turns out to be:

Po ¼
3

2
pRw (5)

In conditions that differ from load control, the pull-off force is

less than given by Equation (5). For example, in displacement

control, where the loading system is extremely stiff, the pull-off

forcemagnitude is 5pRw=6, and for intermediate stiffness of the

loading system, the pull-off force lies somewhere between this

value and that given in Equation (5).
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 339
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The pull-off force in Equation (5) is independent of the

elastic properties, which is true only for the special case of

spherical surfaces (see for example ref. [47] for different

geometries). However, when the surfaces are very stiff, the

radii of curvature of the surfaces are small, or the adhesion

energy is high, the pull-off force in force control is given by a

different equation due to Bradley[42] and Derjaguin et al.

(referenced in[43]). If R � do, the pull-off force can be

approximated as:

Po ¼ 2pRw (6)

This result is known as Derjaguin, Muller, Toropov

(DMT),[43] though strictly the DMT limit is subtly differ-

ent.[41,44] Maugis suggested to parameterize conditions

intermediate to the extremes of JKR and DMT by

T3
oR

�
w E�ð Þ2, with a value of zero representing the DMT case

and 1 the JKR one.[41] As has been pointed out by Gao et al.,

the JKR, DMT, and Maugis results can all be manipulated to

give a pull-off force that exceeds the peak strength of the

adhesive attraction by selecting the Maugis parameter to be

very small.[45] This unphysical situation arises because the

surface area over which the attraction is being applied exceeds

the available surface area, a situation that comes about

because the asymptotic approximations utilized in the models

are violated. Kim et al. commented on this point.[44] From a

practical point of view, we note that Equation (5, 6) and the

result for displacement control stated above all predict pull-off

force values within about a factor of 2. This justifies the

otherwise unqualified use of the JKR result in Equation (5) in

several earlier publications.

Gao and Yao have pointed out that a small size can ensure

that a protrusion remains adhered until the maximum

adhesion strength of the surface interaction is exceeded.[38]

The effect may be understood most clearly when the Dugdale

law is used in conjunction with a hemisphere adhered to a

rigid flat surface. When the radius of the hemisphere is very

large, the pull-off force will be close to the JKR limit, rewritten

as:

Po ¼
3

2
pRodoTo (7)

where Ro is the radius of this hemisphere that is large enough to

be in the JKR limit. Now consider tiny hemispheres such that R

is slightly larger than do; these will not pull off at loads lower

than the cross-sectional area of the hemisphere times the

maximum adhesive strength, To. That is, the pull-off force for

the very small hemispheres is at least:

Po ¼ pR2To (8)

because all of its surface interacts adhesively with the rigid flat.

We state Equation (8) as a lower bound, because the proximity

of the surface from which the hemispheres protrudes may

enhance the total force of interaction, especially if the material

of the hemisphere is very compliant.

If we compare Equation (8) with (7), we find that the

pull-off force for the small hemisphere is much smaller than
340 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & C
that for the large one, simply because R�Ro. Now let the one

large hemisphere be replaced by N small ones. By choosing

N¼ (Ro/R)2 we ensure that the nominal area of the adhering

surfaces remains constant. It follows fromEquation (8) that the

pull-off load for the system ofN small hemispheres becomes at

least:

Po ¼ pR2
oTo (9)

If we now compare Equation (9) with (7), we see that the

pull-off load for the array of many tiny hemispheres is much

larger than that of the single large one, due to the fact that

Ro/do� 1. In fact, we observe that since both the single large

hemisphere and the array of tiny ones occupy a nominal area

of adhering surface given by pR2
o, the adhesive strength of the

array of small hemispheres is To, whereas that of the single,

large one is 3doTo=2Ro, and thus much smaller. On this basis,

the array of very small hemispheres has an adhesion strength

equal to the maximum adhesive interaction between the

surfaces and is much more efficient than the single large one.

Gao and Yao demonstrate that protrusions with shapes other

than hemispherical can bring about similar benefits from this

mechanism of adhesive strengthening.[38] While the max-

imum adhesive strength of the interaction between the

surfaces is a strict limit on the quality of physical adhesion,

getting close to it is advantageous. Practically, it seems

desirable but difficult to texture surfaces with protrusions that

are small enough to bring the adhesive strength close to the

theoretical maximum.

2.2. Size Effects Due to the Trade-off between Strain and

Adhesion Energy

It has been pointed out by Arzt et al.[23] that the pull-off

force in Equation (5) scales with a geometrical length (not an

area), giving rise to a size effect: imagine the replacement of

one large spherical contact of radius Ro by N smaller ones of

radius R ¼ Ro

� ffiffiffiffi
N

p
with the same total (Hertzian) contact area

(i.e., similar to the idea used above in which a single large

contact is replaced by N¼ (Ro/R)2 small ones); the pull-off

force for simultaneous detachment of these N spheres will

then be enhanced by a factor of HN:

Po ¼
3

2
p

ffiffiffiffi
N

p
Row (10)

This concept is based on two assumptions that require

further comment. The first is the validity of the JKR model

even though the ratio a/R grows rapidly as the spheres

become smaller. An estimate shows that for the elastomer

PDMS with structure radii of �100mm large strain effects

occur which render the JKR approach questionable. Gao et al.

have instead shown that the pull-off load lies below the JKR

result for small spheres and approaches an asymptote in

which the pull-off force is the peak strength of the adhesive

interaction multiplied by the cross-sectional area of the

hemisphere.[38,45] Therefore, we conclude that Equation (10)

overpredicts somewhat the benefits of contact splitting when
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 5
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the hemispherical radii become small. In any case, the

maximum pull-off strength cannot exceed the peak strength

of the adhesive interaction times the exposed surface area,

giving a hard limit to the benefit of contact splitting, as

discussed above.

The other critical assumption is that all spherical elements

detach simultaneously. Instead it is possible that the elements

will peel, i.e., begin to detach at one side of the large array. We

now ask how such a mechanism would affect the pull-off

force. As rice has pointed out in the context of a crack

propagating through a compliant material bonded to two stiff

platens that are subject to displacement control, steady

propagation will occur when the strain energy released per

unit surface area created is equal to the energy absorbed by the

creation of the surfaces.[46] In the case of JKR behavior under

tension, this will occur when the load applied to each

hemisphere is 4pRw=3. It follows that detachment by steady

state peeling of a fibrillar surface consisting of N hemispheres

of radius Ro

� ffiffiffiffi
N

p
, backed by stiff platens, will occur when:

Pd ¼
4

3
p

ffiffiffiffi
N

p
Row (11)

Comparison of Equation (10) and (11) shows that peeling
under the specified conditions degrades the pull-off force only

slightly, and the benefit of contact splitting is retained.

2.3. The Effect of Fibril Shape

The end of the fibril may be given other shapes besides

hemispherical ones.[9] The contact splitting effect has been

analyzed theoretically for a number of shapes by Spolenak et

al.[47] When a stiff fibril with a punch-shaped flat end is

attached to the flat surface of a compliant material, the analysis

of Kendall may be utilized, at least when there is negligible

friction at the interface, and the degree of adhesion is

modest.[48] The pull-off load is then:

Po ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8pE�wR3

p
(12)

From this, it can be deduced that the pull-off force for such a

punch scales in proportion to N1=4 for N smaller fibrils with the

same area of the fibrillar surface; the contact splitting power is

less than in the case of spherical shapes. Considerations similar

to those discussed above for hemispheres suggest that there is

little penalty as far as the pull-off force is concerned when

peeling occurs through the forest of fibrils, rather than

simultaneous detachment. Note also that the pull-off force is

limited to the peak strength of the adhesive interaction

multiplied by the cross-sectional area of the fibril, so that there

must be an asymptotic transition to this result from that given in

Equation (12) when the right hand side increases toward that

limit.

It is emphasized that the analysis of Kendall only applies to

a very stiff fibril adhered to a compliant material, but not to a

compliant, flat ended fibril adhering to the flat surface of a

very stiff material.[48] Gao et al. have provided a correct, if

specialized analysis by assuming a detached annulus around

the perimeter of the adhesion.[45] The pull-off force for one
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 5 � 2010 WILEY-VCH Verl
fibril is then:

Po ¼
a

R

� �3
2
S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8pE�wR3

p
(13)

where S is a shape function dependent on a/R. Therefore, the

adhesion strength in this case depends on the depth of the

perimeter detachment. A useful result is that S varies little for

0 � a=R � 0:8, falling from 1.25 to 1 in that range. For a/R¼ 0.8

(a/R)3/2 is 0.7.[45] However, as a/R approaches unity, S goes to

1, since the driving force for detachment is provided by the

severe stress intensification at the edge of the detachment. The

result of the model represented by Equation (13) is invalid in

that limit, though a finite radius of curvature at the edge of the

fibril tip can play the role of an annulus of detachment.[49] The

Gao et al. analysis has the limitation that a detachment depth

must be chosen to enable a definite result; the detachment depth

may be calibrated by experiment, but otherwise it can only be

chosen in an approximate way to ensure reasonable results.[45]

2.4. Defect-Controlled Detachment

The idea that detachment defects can control adhesion

failure has previously been proposed by Hui et al., but has not

received much attention in the field.[31] In previous investiga-

tions,[10,13,18,50] it was found that a fibril having a flanged end

(i.e., the shape of the fibril resembles a mushroom) has a

higher pull-off force, when separated from nearly flat surfaces

of sapphire, than one having a simple punch shape, where the

comparison is made for fibrils having the same shaft diameter.

Spuskanyuk et al. have proposed an explanation for the

behavior that is based on the presence of defects in the form of

small detached regions around the perimeter.[51] Once peeling

begins from the detachment defect, it will continue in an

unstable manner under load control, since the stress on the

remaining ligament will be steadily increased as the peeled

area in the defect zone expands. In the case of the mushroom

shaped fibrils, the stress at the perimeter of the flange is low in

both the friction-free case and when there is friction.[51] As a

consequence, it takes a much higher applied load to initiate a

peel separation of the adhesion.

Quantification of the model requires a determination of the

size, shape, and location of the defects, and thus experiments

are required for this aspect, either by microscopic inspection

of the detachment or pull-off tests with single fibrils. In this

regard, the model suffers from the same challenges as the Gao

et al. analysis of adhesion for the compliant punch against a

flat, stiff surface.[45] However, if the defect characteristics are

the same for both types of fibrils, a comparison can bemade by

quantifying the stress in the adhesion in the absence of

detachment defects.[51] The predictions for the ratio of pull-off

forces for the two types of fibrils are in reasonable accord with

the data, with the important feature that the model involves a

pull-off force for the mushroom that is several times greater

than that of the punch.

McMeeking et al.[39] used the idea of defect control tomodel

successfully the pull-off force for arrays of identical punches

composed of PDMS, backed by a flat PDMS foundation, when
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 341
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they are adhered to flat surfaces of sapphire.[52] In the

experiments it was found that the pull-off force for the array

was proportional to the total length of the adhesion perimeter;

i.e., the circumference of one fibril multiplied by the number of

fibrils. No other valid correlation of the data with fibril

parameters was found. It was postulated that defects are to be

found only at the perimeter of the punch and assumed that the

size of the detachments obeyed a Weibull probability

distribution function.[39] A correlation of the pull-off force

with NpR2 (the total area of adhesion) was shown to arise from

a probability distribution heavily clustered around a single

size of detachment defect (i.e., essentially deterministic),

whereas the correlation of the pull-off force with 2NpR (the

total length of the perimeter of the adhesion) was consistent

with a very wide distribution of detachment defect sizes. As a

consequence, it was deduced that the fibrils had such a wide

distribution of detachment defect sizes at the perimeter of the

adhesion. It should be noted that Varenberg et al.[52] found that

the pull-off force of arrays of dimples also correlated with the

total length of perimeter, a result that remains so far

unexplained.

2.5. Strain Energy: Driving Force versus Extrinsic

Toughness Contribution

In many cases in nature, the structure used for adhesion

involves many long, slender fibrils. One advantage of these

structures is, obviously, that they provide flexibility to allow

conformation to surfaces of arbitrary roughness,[53] a virtue

that is achieved both through fibril slenderness and via the

common natural feature of a hierarchy of structure, especially

in terms of size scale.[45] It is considered important that this

conformity can be achieved in conjunction with low elastic

strain energy, as this energy is usually a driver of detachment,

an aspect that has been identified by Persson.[54] The

slenderness of the structure, and its bending dominated

deformation, allows surface conformity to occur with low

strain energy, despite the fact that the natural materials

utilized, such as b-keratin, are relatively stiff compared to

synthetics such as PDMS.[36]

On the other hand, it has been proposed that long slender

fibrils can enhance the toughness of adhesive systems by

dissipation of stored elastic energy.[31,36,53,55] The reasoning

behind this hypothesis is that the strain energy stored in a

stretched fibril is lost when adhesive failure occurs, constitut-

ing an extrinsic contribution to the total work of adhesion. In a

long fiber, the elastic strain energy just before pull-off is

greater than in a short one with the same diameter; if we

consider the fibril’s strain energy to be lost upon detachment,

much more dissipation of energy will occur for long fibrils. It

is of some interest to determine whether such an extrinsic

contribution to adhesion from this source is important.

Extrinsic contributions to toughness are common in brittle

materials, and without them many ceramics would be

uselessly fragile.[56] In this regard, adhesion detachment

and brittle fracture propagation are similar.[57] The common
342 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & C
view in fracture mechanics is that the magnitude of the

intrinsic contribution to fracture (the surface energy of the

newly created surfaces of the crack) is negligible, but it gates

the extrinsic processes that dissipate almost all of the fracture

work. In fracture, such intrinsic mechanisms are associated

with specific dissipaters of energy, such as plasticity, the

motion of phase boundaries and friction. Without such a

specific mechanism identified, it will remain unclear whether

the strain energy stored in long fibrils is absorbed in an

extrinsic contribution to adhesion and is thus beneficial. This

unresolved issue can only be addressed by further research.

In summary, the concept of contact splitting, inspired by

biological systems, has many potentially contributing

mechanisms: extrinsic toughening, effect of surface-to-volume

ratio, uniformity of stress distribution, and defect control.

Thesemechanisms can superimpose to impart, even for totally

smooth counter-surfaces, superior adhesion properties to

fibrillar surfaces. In all cases, division into smaller contact

elements and high aspect ratios should enhance adhesion, up

to a theoretical maximum. The challenge is to fabricate such

fine, sub-micron structures that do not suffer from instabil-

ities, e.g., due to condensation or collapse. The limits of how

fine such structures can be are illustrated in adhesion design

maps.[58,59]

3. Adhesion Testing

This section will address some of the issues that arise in

adhesion testing and then summarize important results

obtained so far for fibrillar adhesives. The properties of

fibrillar arrays have been investigated using a variety of

testing methods in different laboratories. No standard test

procedure is currently available, which limits the compar-

ability of results from different authors. Our recent experi-

ments have shown that the test results can be very sensitive to

the details of the test method. Conversely, reliable data

produced on well-calibrated devices can produce much

insight into the detachment mechanisms of fibrillar structures.

3.1. Force-Displacement Curves

As a test probe, frequently spherical probes have been used;

this helps circumvent alignment problems but, at the same

time, complicates the interpretation of the data. The probe is

brought in contact with the sample, applying a defined

compressive load (preload) perpendicular to the sample

surface; it is then retracted while force and displacement are

measured. Test methods can be classified by the direction of

the force measured during the experiment with respect to the

sample surface (Fig. 5). True ‘‘adhesion’’ tests require

application of a tensile load normal to the sample surface

(Fig. 5a).[5–7,9,11,14,21,31–33,60–78] In shear (or friction) experi-

ments, the sample is moved tangentially to the sample surface

(Fig. 5b).[79–91] During a peel-test, the sample is peeled off one

end of the substrate at a defined angle (Fig. 5c).[78,85,92–95]

Recent studies demonstrated that normal and shear forces are
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Fig. 5. Classification of adhesion tests. (a) Normal adhesion: force and deflection are
measured parallel to normal preload. (b) Shear test: force and deflection are measured
perpendicular to normal preload. (c) Peel test: sample is peeled from substrate under a
defined angle.

Fig. 6. Force displacement curve for a normal adhesion test with a spherical glass probe
(4 mm diameter) on flat PDMS. Sample approaches the probe, contact is formed and the
soft sample is compressed with a defined preload, and then retracted until detachment
occurs at a certain pull-off force. The maximum of the tensile force is defined as the
pull-off force. Note that in contact mechanics tensile forces are designated as negative,
compressive forces as positive.
coupled in an interesting way for fibrillar adhe-

sives.[79–81,84,91,96,97] Modified setups have therefore been

proposed to combine shear, normal, and/or peel

modes.[10,79,83,91,98] Pull-off forces can be measured using

weight balances,[66,86] load cells,[62,65,69] by cantilever deflec-

tion of AFMs or with AFM-like devices,[5–7,9,11,21,63,64,71–73,99]

by surface-probe microscopes,[5,6,32,60,64,67,100] and with

nanoindentation setups.[14,70,74]

A typical force-displacement curve for a normal pull-off

experiment using a spherical probe is shown in Figure 6. After
Fig. 7. Dependence of the pull-off force on the preload when a large sphere is used as probe: (a) experimental
results on flat and fibrillar PDMS surfaces with fibrils of different radii.[7] The dotted lines represent the
theoretical values according to the spring model, schematically depicted in (b).[101] Reproduced with permission
from American Chemical Society and from Elsevier.
a specified compressive preload has been

applied, the pull-off force is measured as the

maximum of the tensile force applied. The

work of adhesion is related to the area covered

by the force-displacement curve.

3.2. Effect of Probe Geometry

Force values obtained by different adhe-

sion experiments are not directly comparable,

as they depend on the contact area and thus

on the geometry of the probe. For spherical

probes it was shown that the pull-off force of

fibrillar surfaces strongly increases with the

applied compressive preload until it reaches a

plateau (Fig. 7a).[7,33,50,75] Schargott et

al.[101,102] and, more recently, Long and

Hui[103] formulated models which describe

the contact between an array of fibrils,

simulated as independent elastic springs,

and a spherical probe (Fig. 7b). Such models

predict both a preload dependence of the

pull-off force and a plateau value, which

qualitatively fits experimental observa-

tions.[7,9] We note in passing that thesemodels

should, in the limit of infinitely fine springs,

reduce to the JKR (Eq. 5) or DMT (Eq. 6)

model; the preload dependence should then

be lost for surfaces without fibrils.

Another complication of tests with sphe-

rical probes is that the contact area changes

continuously during the measurement. In

order to obtain contact strength values, the

forces need to be normalized by the contact
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Fig. 8. Adhesion measurements with different probe geometries and misalignments: (a) spherical glass probe (4 mm diameter), (b) flat silicon probe (�0.5 mm2) with good, and (c)
with poor alignment on flat PDMS. Thevalue of the pull-off force is very sensitive to these changes. Note that the scaling of the abscissa is different on all three curves.
area.[32,67,68,104,105] This necessitates either the calculation of

the contact area from the displacement data or, even better, in

situ visualization using a microscope.[31,33,61,63,75–78] The

change in contact area during the detachment phase is for

structured surfaces even more complex, especially for

relatively small probe diameters, as single fibrils or fibril

clusters detach in a stepwise fashion, leading to non-circular

contact areas.[33]

To overcome the problems of changing contact area

and inhomogeneous strain fields within the sample, adhesion

experiments with flat probes were recently performed and

compared to tests with spherical probes.[106] The results did

not show any dependence of the pull-off force on preload, as

in earlier experiments.[13,52,89,107,108] The comparative study

however highlighted the main draw-back of flat probes:

normal pull-off experiments require extremely careful align-

ment of sample and probe. A (controlled) misalignment of

only 28 resulted in a pull-off force reduction by about 50% for a

flat PDMS sample (Fig. 8). Conversely, the misalignment of

probe and sample can be conveniently determined by

analyzing the resulting force displacement curves.[109]

3.3. Repeated Pull-off Measurements

Artificial fibrillar adhesives may be of special interest for

repeated attachment-detachment cycles. Recently, Kroner et

al. (see Kroner et al. in this issue) performed repeated adhesion

measurements with the same PDMS sample and found

significant changes in force-displacement curves. The pull-off

force was found to drop characteristically during the first

probe-sample contacts, followed by a leveling off after several

hundreds of contacts. While the initial force values depended

on various fabrication parameters, the plateau found after

about 1000 contacts was independent of the fabrication

protocol. These effects were explained by a transient transfer

of free oligomers from the sample to the probe, changing the
344 http://www.aem-journal.com � 2010 WILEY-VCH Verlag GmbH & C
surface energy and thus the pull-off force. This effect was

observed on both fibrillar and flat surfaces, but was much

more pronounced for fibrillar arrays. Further experiments

along these lines will be necessary to ascertain the mechan-

isms and to qualify certain polymers for repeated detachment

applications.

3.4. Summary of Fibril Geometry-Adhesion

Relationships

The large amount of adhesion data for fibrillar arrays

collected over the last years allows some general trends to be

identified:

(i) Size effect: the adhesion force and strength of fibrillar

surfaces increase significantly with decreasing fibril

radii.[7,33,34] The pull-off strength of fibril arrays with

flat tips, increased with r�0.4, where r is the fibril radius

(at constant aspect ratio).[7] The exponent, termed ‘‘split-

ting efficiency,’’ quantifies the potential for improving

the adhesion strength by decreasing the contact size.[47]

(ii) Aspect ratio effect: fibrils of varying lengths at constant

fibril radius show an increase in adhesion force with

increasing aspect ratio.[7] This is attributed to the higher

elastic energy dissipated at pull-off, see also Section

2.5.[6,9,20,58] At least one other report claims that the

aspect ratio did not have an effect on adhesion.[77] Peel-

ing experiments have shown that, for low aspect ratio

fibrils, most of the stored elastic energy dissipated upon

detachment comes from the deformation of the backing

layer, while for high aspect ratios, it comes from bending

of the fibrils. The bending contribution increases with

aspect ratio, leading to increased adhesion up to a limit-

ing value due to buckling and condensation of fibrils.[92]

(iii) Shape effect: among different tip geometries, mushroom-

shaped tips have so far given the highest adhesion

strength values of all polymeric fibers.[9–11,21,110,111] They
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2010, 12, No. 5
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Fig. 9. SEM images of shape memory fibrils in the deformed tilted position (a) and of the
recovered pillars after reheating (b).[126] This study demonstrates switching from a
non-adhesive to an adhesive state. Reproduced with permission from American Chemi-
cal Society.
also show the highest potential for adhesion enhance-

ment by contact splitting.[9]

(iv) Hierarchy effect: theoretical studies have predicted a

beneficial effect of hierarchy in adhesion.[112–116] How-

ever, two-level structures produced so far showed a drop

in adhesion as compared to single-level structures.[117]

Shear adhesion strength was also reduced for hierarch-

ical structures.[18] To date, only hierarchical structures

containing macroscopic first-level fibrils succeeded in

increasing adhesion.[118]

(v) Effect of backing layer: the adhesion performance has

been shown to increase with decreasing thickness of the

backing layer.[65,119] This was explained by a more equal

load sharing for thinner backing layers during pull-off

resulting in higher adhesion. Thick backing layers

deform during pulling and this leads to stress concen-

trations at the edge of the substrate, similar to a rigid

punch in adhesive contact with a half space.[120] In a

recent study, it was demonstrated that the fibrils ‘‘com-

municate’’ mechanically through the backing layer, giv-

ing interesting effects in discrete pull-off of individual

fibrils.[121]

4. Outlook: Future of Gecko-Inspired
Adhesives

The attachment organs of climbing animals like the gecko

exhibit a unique combination of properties: strength, rever-

sibility, reusability, directionality, durability, and a self-

cleaning mechanism. Obviously, a fully functional geck-

o-inspired adhesive could find many potential applications,

such as temporary fastening in the construction industry,

temporary labeling, optimization of surfaces for sports

equipment, biomedical materials and devices, and fixation

for household items. For artificial surfaces to function as

designed, the mechanical, structural, and chemical aspects

have to be optimized at the same time. This explains why the

space of design parameters is so huge and why biomimetic

fabrication is not a simple task.

As elaborated above, contact splitting into finer contact

elements results in stronger adhesion for several independent

reasons (Fig. 4). This is observed in different natural species

and corroborated by experimental data. Finer contact

elements will also enhance the adaptability to rough surfaces.

Reduction of structural features of dry adhesives, however,

requires material systems that are strong, tough, and durable,

since small structures are prone to lateral collapse and

fracture. Therefore, more efforts are required to develop

materials that accommodate these requirements. Other

prerequisites for the successful development of useful

products lie in so far unexplored properties: how do gecko

surfaces behave under repeated contact formation and

breakage? How do they respond to changes in temperature

and humidity?[122] What is their long-term reliability in

specific environments? And, most important, how can they be
ADVANCED ENGINEERING MATERIALS 2010, 12, No. 5 � 2010 WILEY-VCH Verl
fabricated cost-effectively over large areas? Only if these and

similar problems can be successfully overcome, will geck-

o-inspired adhesives realize their potential in applications.

In addition to these general challenges, each individual

application will require a separate set of requirements. For

example, potential applications in the biomedical field require

biocompatible or biodegradable materials and adhesion

against soft, living, and complex viscoelastic material systems.

So far, most of the dry adhesion systems have been tested

against flat and stiff probes. A first study examined the

applicability of such surfaces to mucosa surfaces.[123] Another

study evaluated the adhesion performance against porcine

intestine tissue.[124] In this study the maximum adhesion force

did not correspond to the highest fibril density, which is not

compatible with the current understanding of the ‘‘gecko

effect.’’ At INM – Leibniz Institute for New Materials,

Saarbrücken, a recent study of gecko surface adhesion to

mouse skin revealed sufficient adhesion for possible applica-

tion as ear implants.[125] There are also ongoing efforts at INM

to determine the importance of the synthetic fibril geometry,

surface chemistry, and stiffness in relation to soft probes for

optimum adhesion in combination with cell behavior studies

(see Eder et al. of this issue).

A promising new development is the creation of actuated

adhesion systems. While stimuli-responsive adhesion has

been demonstrated for conventional adhesives, reversible

actuation of dry adhesives, e.g., through changes in the fibril

orientation, is still in an exploratory stage. Reddy et al.,[126] for

the first time, applied patterning strategies to shape-memory

polymers to create microstructured surfaces with actuated

adhesion (Fig. 9). The array of fibrils was mechanically

deformed above its shape-memory transition temperature,
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 345
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followed by cooling to room temperature in the deformed

position. This yielded a temporary non-adhesive surface

consisting of fibrils in a tilted position (Fig. 9a). By reheating

above the transition temperature, the fibrillar surface switched

back to a permanent adhesive state (Fig. 9b), with an adhesion

force increased by a factor of 200. Magnetic fields were also

used to activate a fully reversible adhesive comprising nickel

cantilevers coated with vertically aligned polymeric nanor-

ods.[105] These proof-of-principle studies demonstrate that van

derWaals-based adhesion between two surfaces, one of which

is fibrillar, gives the additional degree of freedom of switching

adhesion on and off in a repeatable fashion. Now engineering

development must take over to create useful material surfaces

that may even surpass the gecko effect.
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