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Abstract

Fibrillar structures are found on the attachment pads of insects and small reptiles. These
structures enable exquisite conformation to rough surfaces, increase the number of van der
Waals interactions between the structure and the target surface, and thus enhance adhesion.
Biomimetic adhesives replicate this effect by patterning polymer films with micron- or sub-
micron-sized protrusions. Numerical contact-mechanics models as well as experimental
adhesion measurements have been reported for a variety of protrusion shapes including
flat, rounded, mushroom and spatula geometries. Although superior adhesion has been
reported for the mushroom and spatula tip geometries, straight, flat-tipped pillars offer the
potential for much simpler mass-production such as by injection moulding and are thus
the focus of this review.

Existing models for straight, flat-tipped pillar arrays do not fully agree with reported
experimental results. Analytical models are generally limited to elastic materials, and in-
herently assume that neighbouring pillars behave independently. For elastic pillars in close
proximity, however, pillars do in fact interact mechanically, affecting adhesion. Moreover,
visco- and hyper-elastic materials are often used in practice, yet dissipative effects receive
little attention in analytical models. We find that no study has conclusively investigated the
limit of adhesive strength achievable by fibrillar adhesives. It also remains unclear what
happens to the adhesive strength as the areal density of contacting regions approaches

100%.

Keywords: Adhesive, bioadhesive, biomimetic, contact mechanics, gecko



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

1 Introduction

Fibrillar structures are found throughout nature on the attachment pads of insects, spiders, and
lizards, allowing both strong adhesion and easy release for locomotion [5, 9, 60, 61]. The very
high aspect ratios of these setae (> 20) allow exquisite conformation to rough surfaces, since
the individual setae can deform more easily than a continuous surface, giving rise to larger
contact areas than would otherwise be possible. Such is the increase in contact area that loads
from pg (flies) to 100 g (lizards) can be supported by van der Waals interactions [5]. Fibrillar
structures can give rise to strong adhesion for high-Young’s-modulus materials, such as beta-

keratin in gecko setae which has a Young’s modulus of 1.6 GPa [58].

Considerable effort has been invested in developing biomimetic polymer adhesives patterned
with pillar arrays of various geometries. Although both friction and adhesion are important in
gecko climbing and locomotion [6], most research has focused on fibrillar surfaces for adhe-
sion. Setae geometry is complex and hierarchical in nature, with spatula structures and mush-
room, or suction-cup, structures common [25]. Hierarchical geometries are difficult to replicate
in synthetic adhesives, and efforts tend to be focused on low aspect ratio (<5) pillars with flat

[3, 27, 39, 45-47, 52], rounded [27, 38], spatula [27, 32] or mushroom [25, 27, 41] tips.

Analytical models of fibrillar adhesion have been adapted from the contact mechanics models
of Johnson, Kendall and Roberts [36, 37]. A major feature of these analytical models is that the
adhesive strength of a single pillar (the adhesive force per unit contact area) increases as pillar
diameter decreases, giving rise to an anticipated increase in adhesion beyond increased contact
area [5]. A primary research goal is to elucidate the effects of pillar geometry and density
on adhesion, which is still not fully understood. Furthermore, testing protocols, substrates,
and pillar geometries vary greatly between studies, making direct comparison of reported data

difficult.

There are several excellent reviews of gecko adhesion models [8, 40, 79]. These reviews focus
on gecko adhesion and locomotion, giving less attention to synthetic gecko adhesives, which

is the focus of this review. Here, we examine analytical models of fibrillar adhesion, discuss
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the contact mechanics principles on which they are based, and review reported data on fibrillar
adhesives. Whilst we briefly discuss tilted pillars and pillars with spatula and mushroom tips,
this review focuses on straight, flat-tipped pillars because of the relative ease with which these
simple geometries could be produced using standard manufacturing processes, such as injec-
tion moulding [78]. We keep in mind three questions: (1) do the analytical models provide
an accurate approximation to fibrillar adhesives? (2) do fibrillar structures actually enhance

adhesion? and (3) how does pillar geometry influence adhesion?

We begin by discussing two fundamental theories of contact mechanics: the Johnson-Kendall-
Roberts (JKR) model [33] and the Derjaguin-Muller-Toporov (DMT) model [20], followed by
applications of JKR theory to fibrillar adhesives [5, 31, 62, 66, 73].

2 Analytical models of adhesion

Table 1 near here.

In this section we discuss the complementary JKR and DMT models of contact mechanics,
the circumstances in which each model applies and the analytical models of fibrillar adhesion
that have been developed from JKR theory. There is a key difference between JKR and DMT
theories, in that JKR considers surface forces only in the contact area between two spheres,
whereas DMT also considers the surface forces in a region surrounding the contact area. Both
JKR and DMT theories are developments of the earlier Hertz theory of contact between elastic

spheres, and are illustrated in Figure 1.

2.1 Hertz, JKR and DMT Theory

Figure 1 near here

The theories put forward by Johnson ef al. [33] and Kendall [36, 37] in the 1970’s remain
the standard theories for interpretation of adhesion test data to date. Hertz theory provides a

model of contact between two elastic spheres as a function of a compressive load, P, and does
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not consider adhesive forces. Johnson, Kendall and Roberts later considered attractive surface

forces [33, 36, 37].

In both JKR and DMT theories adhesion arises from the surface energies of the two spheres.
Surface energy is defined as the energy required to create unit area of new surface and can
account for hydrophobic interactions, van der Waals forces, hydrogen bonding, covalent bond-
ing, etc.. The applicability of JKR and DMT theories has been investigated in depth [34, 48,
50, 67, 70], and the appropriate model can be determined by a single dimensionless parameter

[34]:

R*wQ 1/3
R*wZ 1/3

where W is the work of adhesion and zj is the equilibrium spacing between atomic planes of
the contacting spheres in the Lennard-Jones potential. R* and E* are the reduced radius and

Young’s modulus, respectively, given by:

R R,

Rf= "< , 3
R; + Ry )
1—22 1—2\"

E*: 1 2 4
( A1 ) , @

where F and v are the Young’s modulus and Poisson’s ratio and the subscripts 1 and 2 refer
to the two spheres. The anticipated relationships between compressive load, P, displacement,
0, contact radius at zero load, ag, and adhesive force, F', predicted by Hertz, JKR and DMT

theories are summarised in Table 2, where v is the surface energy, and K, is given by:

K=—-E*. 5)
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Table 2 near here.

Figure 2 near here.

2.2 Specific applications of JKR theory

Kendal applied JKR theory to several specific cases: (a) the flat end of a rigid punch in contact
with an elastic half-space under normal loading; (b) a thin elastic layer between the flat end of
a rigid punch and a flat rigid substrate under normal loading, and; (c) a thin elastic film being

peeled from a flat rigid substrate, as illustrated in Figure 2.

For the case of a rigid punch on an elastic half-space, the derivation can be found in Appendix

A, and the adhesive force, F, is given by:

F = \/StE*R3 . (6)

For the case of an elastic film between a rigid punch and a rigid half-space the derivation can

be found in Appendix B, and the adhesive force, F, is given by

2Ey

FenR2 |20
A3t —2w)

(7)

where ¢ is the film thickness. Finally, for the case of peeling a thin elastic film from a rigid sub-

strate the derivation can be found in Appendix C, and the adhesive force, F', is given by

F =btE (0089—1)+\/(1—0059)2+ ] (8)

2E

Kendall verified Equations 6 and 7 by separating an acrylic punch from both a gelatine block
and a gelatine film [36], and Equation 8 by peeling a thin gelatine sheet from a glass sub-
strate [37]. The elastic strain energy in the peeled film was negligible for peel angles above
60° and the surface energy dominated. For peel angles below 60° the elastic strain energy

dominated.
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Yang et al. independently derived relationships for the adhesive force for an elastic film be-
tween a rigid punch and a flat rigid substrate [76]. The elastic film behaved as a half-space
if the film thickness, ¢, was more than double the punch radius, R, and Equation 6 applied.
For film thickness smaller than one-tenth of the punch radius, the following relationships were

derived for different boundary conditions at the substrate/film/punch interfaces:

/8
F =7R? —/tw for slip at both boundaries; 9)
R /3
=T 00 for slip at one boundary; (10)
2t 2t
R /3
F= WT % for stick at both boundaries, (1)

where the shear modulus, 1, is given by:

E
T (12

This model has not been experimentally verified, and Equation 9, for stick at both boundaries,

is not consistent with Kendal’s equivalent model, Equation 7.

2.3 Contact-splitting theory

Arzt et al. determined the adhesive force for an array of pillars with convex tips using JKR
theory, in what has become known as contact-splitting theory [5]. This theory was originally
presented to describe the scaling of setae density with mass in insects and lizards [5]. However,
this has since been discredited by Peattie, who found no correlation between setae density and
body mass in a larger study [57]. Nonetheless, contact splitting theory gives an interesting
insight into how the size and number of pillars in an array can influence adhesion, as we will

now discuss.

A convex-ended pillar of radius Ry is divided into an array of n convex-ended pillars of radius



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

R, where R = 5—% (1.e. the cross-sectional area of the pillar array is equal to that of the starting
pillar), as illustrated in Figure 3. The radius of curvature of the convex tips can be equal to
R (self-similar scaling), or equal to Ry (curvature invariance). The adhesive force, F, for the

array of pillars, relative to that for a single pillar, Fp, is given by:

Fr=nlFy , (13)

where ¢ = 0.5 for self-similar scaling and ¢ = 1 for curvature invariance. The derivation of
Fp for curvature invariance and self-similar scaling is provided in Appendix D. Spolenak et
al. independently investigated contact splitting and derived the same relationship as Arzt for
curvature invariance and self-similar scaling [68]. Spolenak also considered a flat punch, for

which ¢ = 0.25.
Figure 3 near here.

The effect of the contact splitting on adhesive force can be understood by considering the con-
tact area for each case [75]. The contact radius at zero load (given by JKR theory) depends
on the radius of the pillar tip, which does not change for curvature-invariance, meaning the
contact radius scales with n, and the increase in adhesive force is trivial. For self-similar scal-
ing, however, the contact radius at zero load scales with n%, slightly faster than adhesive force,
which scales with n’®. In other words, contact splitting for rounded pillars offers no benefit
over using a larger single contact for curvature invariance and is actually disadvantageous for
self-similar scaling. For a flat punch the contact area must scale with the density of contacts, or

areal density, after contact splitting, as shown experimentally by Varenberg [75].

To achieve a larger contact area a larger preload is required. The relationship between preload

and contact area is given by [36]:

o= . (14)

By equating Equation 14 with the JKR contact radius at zero load, a, (see Table 2), it is easy to
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see that the preload has the same scaling with n as adhesive force for both curvature invariance

and self-similar scaling.

2.4 Contact-splitting using a cohesive-zone model

Tang et al. independently investigated the contact-splitting phenomenon for a rigid punch using
a cohesive zone model [73]. The concept of a cohesive zone has been discussed extensively in
relation to fracture mechanics [4, 7, 21]. The cohesive zone is a region of length / immediately
outside of the contact area where two surfaces are separated by a distance, 9, but remain held by
adhesive forces, as illustrated in Figure 4. Once separated by a critical distance, J., the surfaces
separate [73]. Tang investigated the limits of R ~ [. where the cohesive zone occupies most
of the contact area, and R >> [. where the cohesive zone occupies only a small amount of the

contact area. The adhesive strength, o, was found to be

o =0oBx ", (15)

where B and )\ are constants and Y is given by

otR ooR

T EW T 2nEre, (16)

X

The theoretical maximum adhesive strength, o is a material property estimated to be 1—%. In the
limit of R ~ [., x << 1 and the adhesion is flaw-insensitive. In the limit R >> [., x >> 1
and adhesion is flaw-sensitive. Tang verified this model by finite element modelling and found

A=0.4.
Figure 4 near here.

If we take Tang’s value of )\, we can calculate the scaling of adhesive force with n (see Equa-
tion 13), and find that ¢ = 1.6. This is significantly larger than Spolenak’s prediction of

q = 0.25.
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2.5 Peel zone model of a thin elastic film

Similarly, Pesika ef al. modified Kendall’s peeling model (Equation 8) to include the region
immediately outside the contact area where the adhesive is deformed to produce cavities, yet
remains adhered to the substrate, which they called the peel zone [62]. Pesika assumed that
the elastic film has a sufficiently high modulus that elastic strain in the film can be neglected

and Equation 8 can be approximated by F,,r (see Appendix C). The peeling force, F, is given

by:
0 1 — cos b,

F=1- - . Fsur s 17
(90)( sin 6 ) ! a7

where

by

Fsur = T > 18
P71 " cosh (18)

and 0, is the angle between the film and the substrate at the edge of the peeling zone. Equa-
tion 17 was shown to accurately model the peeling force of double-sided adhesive tape when

peeled from borosilicate glass at peeling angles from 30-90° [62].

Zhou et al. later considered the effect of peeling velocity, and found that the peeling force
followed a power law relationship with peeling velocity [81]. Zhou also developed a design
map for fibrillar adhesives that allow high normal adhesive loads and low peeling strength for
easy removal [80]. Zhou found that high peeling strength favours small radius, high aspect ratio
pillars with low Young’s modulus and thick backing layers [80]. Comparison with Equation 8
shows that pillars reduce the peeling strength dramatically for thin backing layers, whilst the
peeling strength converges with Equation 8 for thick backing layers [80]. However, there has
been no experimental verification of Zhou’s model, and high aspect-ratio pillars are prone to

collapsing into clumps of pillars, which is detrimental to adhesion [1].

10
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2.6 Spring Contact Theory

Contact-splitting theory inherently assumes that each fibre in an array experiences an identical
stress, which is not applicable when considering adhesion to spherical substrates, which are
used widely in adhesion testing. When spherical substrates are used the stress on each fibre
varies significantly across the contact area from tensile at the perimeter to compressive in the
centre. Spring contact theory treats each pillar as a linear elastic spring and there must be zero

net strain across the array of springs at zero applied load, as illustrated in Figure 5 [66].
Figure 5 near here.

As the sphere is separated from the adhesive, the outer springs extend to a maximum length,
lmaz» Where the strain energy equals the work of fracture of the interface, and the outer springs
detach, reducing the contact area whilst the central springs remain compressed. When a criti-
cal contact radius, a..;;, is reached, the remaining springs cannot support the load and detach

simultaneously. The critical contact radius, a..;, is given by:

Aerit = \/2Rprobe (lmax - l(]) . (19)

Spring contact theory also provides a model for pressure sensitive adhesion, since the number
of springs in contact with the sphere is dependent on the preload. The preload-dependent pull-

off force, F'p, is given by:

F =2\/(FpnaP)—P if a < aeq , (20)
Tk,

F = —— .
e 4Rprobelo orit

if a Z Qerit 5 (21)
where [ is the equilibrium spring length (analogous to pillar height), P is the preload, a is the
contact radius, and R, .. 18 the radius of the sphere. F),,, occurs when the maximum contact
area at zero load for the array of springs is reached. The Young’s modulus of the spring array

is given by:

11
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where £ is the spring constant and A is the area of contact above each spring. This model has
been shown to accurately describe previously reported experimental data by fitting the value of

Finaz [66].

2.7 Buckling analysis

As we have seen, higher preloads are required to bring fibrillar arrays into contact than for a
single, continuous contact. However, increasing the preload will eventually lead to buckling
of the fibres. Whilst this may be required for conformation to rough substrates, it can be
detrimental to adhesion against flat substrates. The critical stress at which buckling occurs,

Obuckle, Nas been investigated for an array of pillars by Jagota et al. [31], and is given by

72 (1)\?
Obuckle = Ep? (a) s (23)

where « is the aspect ratio and p is the areal density of pillars. Equation 23 is consistent with
buckling criteria for patterned elastomeric stamps [29]. Nadermann has shown that shearing

reduces the critical buckling stress [51].

2.8 Energy dissipation in fibrillar structures under peel

In a purely elastic system, the work of adhesion is determined by the surface energies at the
interface. In reality, adhesive materials may be dissipative, which can serve to increase the

work of adhesion and adhesive force as a function of the time-scale of separation.

Jagota et al. considered this problem and speculated that all strain energy stored in an array
of pillars is dissipated upon separation [31]. The work of adhesion, W, per unit area for a

patterned surface is given by

12
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W=Wo+55

(24)

where W is the work of adhesion per unit area for a non-patterned surface. Although not stated
by Jagota, the surface energy inherent in I/, should also by multiplied by the areal density, p,
to account for the reduced surface area of fibrils in contact with a flat substrate. In support of
Equation 24, Jagota points out that a fracture energy for rubber larger than the thermodynamic
work of adhesion has been reported and attributed to energy dissipation along polymer chains

[43, 44].

2.9 Summary

The analytical models of adhesion presented focus on specific geometries and configurations
that represent only a small number of the likely practical scenarios. For example, peeling a rigid
film from an elastic half-space would better approximate the removal of a bioadhesive film;
multi-layered films of different Young’s moduli would be appropriate for pressure-sensitive
adhesives, and; elastic pillars in contact with a rigid substrate would be appropriate for the ma-

jority of reported fibrillar adhesives, which will be discussed in the subsequent section.

Nonetheless, these analytical models provide a starting point for the design and interpretation
of fibrillar adhesives. On the one hand, contact splitting tells us that an increasing number of
sub-contacts allow for larger contact areas and, thus, increased adhesive forces. Spring contact
theory also tells us that taller, thinner fibres offer improved adhesive force. On the other hand,
fibrillar geometries require a larger preload to establish contact. Dense arrays of high aspect
ratio, small radius pillars are prone to condensation, where neighbouring pillars collapse into

one another. A useful model of pillar condensation was developed by Ahmadi et al. [1].

In the following section we discuss the experimental evidence of fibrillar adhesives in the con-
text of the analytical models. We only include work that directly compares the adhesion of
fibrillar and non-patterned adhesives, where the effect of fibrillar geometry on adhesion is in-

vestigated.

13
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3 Review of experimental data

Fibrillar structures can benefit adhesion in two ways: (1) through improved compliance, and
(2) increased adhesive strength. The following review of experimental data aims to answer
several questions: (1) is there convincing evidence for adhesion enhancement in using fibrillar
arrays? (2) what are the practical limitations on pillar geometry and density? and (3) what
role does energy dissipation play in adhesion of fibrillar structures? Where possible we refer to
the relative adhesive force and strength, which is the ratio of adhesive forces or strengths for a

patterned and non-patterned adhesive.

Reported adhesive forces and strengths are summarised for a range of loading conditions and
pillar geometries in Table 4 and Table 5. The relative adhesive forces from numerous studies

are plotted as a function of geometrical parameters in Figure 6.

Figure 6 near here.

3.1 Choice of adhesion test

Fibrillar adhesives are usually tested under normal loading conditions [3, 10, 23, 27, 39, 46,
52, 54, 72, 74], although peel adhesion [25, 41, 45, 56] and shear adhesion [32, 38, 47] have
been reported. This preference likely arises from the application of analytical models to normal
loading and peeling. The effect of pillar geometry on adhesion is markedly different for out-

of-plane loading (normal and peel) than in-plane loading (shear), as we discuss later.

For perfectly flat substrates and uniform, flat-ended pillars, the adhesive force is largely in-
dependent of preload [25, 39, 54]. The exception to this is when fibres are not perpendicular
to the surface, resulting in a misalignment of the loading direction, causing preload depen-
dence [16, 39, 59]. For curved substrates, adhesion is preload dependent, or pressure-sensitive

[3, 13, 16, 27, 39, 59].
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3.2 Effect of material properties on adhesion

High Young’s-modulus materials are expected to be beneficial for adhesives, since JKR theory
predicts that adhesive force scales with v/E. By far the most popular choice of material for
exploration of contact-splitting is polydimethylsiloxane (PDMS), prepared at a 10:1 volume
ratio of elastomer to cross-linker with a Young’s modulus of several MPa [10, 14, 19, 23, 27,
38, 39, 41, 45, 54, 56, 65, 69, 72]. Poly (vinyl siloxane) (PVS) is also used, and has similar
elastic properties to PDMS [24, 25, 59]. With moduli in the GPa range, polyethylene (PE) [52]
and polypropylene (PP) [46] have been reported. Some studies utilise polyurethene (PU) with
Young’s moduli of 55-1200 kPa [17], and several MPa [16]. The choice of material depends
largely on the fabrication process, which is the focus of a previous review by Sameoto ef al.

[64].
Figure 7 near here.

Castellanos found that adhesive force increased with increasing Young’s modulus for low-
Young’s-modulus epoxy resins [13], consistent with expectations from analytical models. In
contrast, several studies have shown that adhesive force increases with decreasing Young’s
modulus for rough surfaces and both flat [17] and patterned [63] adhesives, and for patterned

adhesives of smooth, curved surfaces [26],

In a perfectly elastic system the choice of material will not affect the relative adhesive force.
In reality, however, it is possible that fibrillar structures lead to some energy dissipation during
detachment, which will give rise to a positive effect of Young’s modulus on relative adhesive
force and strength. The reported materials span a five-orders-of-magnitude range of moduli
and a range of damping factors, making direct comparison of adhesion difficult. This problem

is compounded by the fact that many studies do not report the material properties.

3.3 Effects of fibre geometry on adhesion

Small radius, high aspect ratio pillars give better adhesion.

15
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Greiner et al. reported the adhesion of PDMS films patterned with pillars to a 5-mm-diameter
sapphire sphere, separated at 1 ym s~! following preloads up to 4 mN [27]. Pillar radii from
1-25 pm, heights from 2.5-80 pm, and an areal density of 20% were investigated. Adhesive
force was found to be inversely proportional to pillar radius and directly proportional to aspect
ratio. The scaling of adhesive force with radius was comparable to the theoretical predictions of
Spolenak’s contact-splitting theory [68]. For an aspect ratio of one and a pillar radius of 2.5 ym
Greiner reported an adhesive force of 1.2 mN, exceeding that for a non-patterned adhesive of
0.8 mN. For a radius of 5 um the adhesive force was comparable to the non-patterned adhesive,
and for a radius of 25 pm the adhesive force was 0.6 mN. Increasing the aspect ratio to four
increased the adhesive force to 1.3 mN for a pillar radius of 5 um. In a separate study, the
same group reported that rounding the top edges of the pillars reduced the adhesive force from
1.2 mN to 0.8 mN for a pillar radius of 2.5 pm and aspect ratio of one, all other things constant
[19]. This is not surprising, since tip-rounding will reduce the contact area at a given preload

and effectively introduce a crack at the edge of the contact area, facilitating detachment.

Atomic force microscopy (AFM) has been used to measure the adhesion of PP pillars to a
30-pm-diameter glass sphere [46]. PP films with a thickness of 1 mm were patterned with
30-pm-high pillars with diameters from 50 nm—5 pgm. The adhesive force for 100-nm-diameter
pillars with areal density of 15.7% was 350 nN, approximately 30% larger than the 270 nN
reported for non-patterned PP. Adhesive force increased with decreasing pillar diameter, with
adhesive forces of 150 nN and 100 nN for 5- and 14-pm-diameter pillars, respectively, with
an areal density of 30%. A separate study found no significant difference in adhesive force
between non-patterned PP and PP patterned with 600-nm-diameter pillars with aspect ratio of

50 and an areal density of 17% [52].

Lambet et al. took a unique approach to peel adhesion by fabricating a single PDMS adhesive
with adjacent flat and patterned regions, and observed the change in peeling load between the
two regions against adhesive tape [45]. The PDMS was patterned with 2-um-diameter pillars
with aspect ratio of 0.35 and areal density of 17%. A preload of 50 kPa was applied for 24
hours, and peeling was conducted at 6 ym s~! normal to the surface. The peeling load for the

patterned region was found to be 120 mN, compared to 60 mN for the non-patterned region.

16
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The sample width was not disclosed, which precludes analysis of the peeling strength. To
account for penetration of adhesive tape between the pillars, the pillar array was estimated to
increase the surface area by a factor of 1.3. The measured adhesive force ratio of two was
attributed to a combination of increased contact area and increased adhesive strength. Larger
separation rates, higher aspect ratios, and larger areal densities yielded larger adhesive force
ratios, consistent with normal loading observations. In contrast, Aksak reported that the normal
detachment load for a single PU fibre, radius of 0.75 mm with lengths from 0.16-3 mm, from

flat glass decreased with increasing aspect ratio [2].
Higher separation rates give larger adhesive forces.

In contrast to Greiner [27], Kroner reported a loss of adhesion for PDMS patterned with pillars
of radius 4.7 pm, aspect ratios 0.2 and 1.95, and areal density of 20%, using a 5-mm-diameter
glass sphere separated at 5 um s~! following a 2 mN preload [39]. The adhesive forces for
aspect ratios 0.2 and 1.95 were 1 mN and 1.2 mN, respectively, compared to 4.5 mN for non-
patterned PDMS. The discrepancies between the adhesive force ratios reported by Kroner and
Griener may arise from the increased separation rate used by Kroner, which can increase energy
dissipation, as found with micro-contact printing using PDMS [15, 77]. PDMS is a hyperelastic
material with a linear stress-strain relationship up to 40% strain [35]. It is not clear if the strains
were in the linear elastic regime in Greiner’s and Kroner’s works, and dissipation through

fibrillar structures may be different from that in bulk materials [31].

Castellanos investigated the effect of separation rate on different epoxy adhesives patterned
with 9-pm-diameter pillars with aspect ratio 1.1 and areal density 20%, using a 4-mm-diameter
sapphire sphere and preload of 14 mN [13]. Adhesive force increased by an order-of-magnitude
up to 6.8 mN over a range of damping factors from 0.5-0.8. Castellanos also reported a steeper
increase in adhesive force with preload for adhesives with larger damping factors, which was
attributed to a reduced ability to form rapid contact at high damping factors. The rate of in-
dentation during preload was equal to the separation rate, meaning that contact area was also
rate dependent. Rate dependent adhesion was only observed for low damping factor adhesives,

indicating an equilibrium between increased energy dissipation and reduced contact area for
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larger damping factors.
Areal density can make or break a fibrillar adhesive.

In a separate study by Aksak, PU adhesives with pillar heights from 30-100 xm, diameters from
4-25 pm, and inter-pillar spacing of 40 pm were investigated using a 12-mm-diameter glass

sphere separated at 1 ym s—!

[3]. The adhesive force for PU patterned with 25-pm-diameter
pillars was found to be 5 mN for aspect ratio 2.4 and 14 mN for aspect ratio three, significantly
less than 18 mN for non-patterned samples. The areal density was 11.6% in both cases and a
30 mN preload was used (the adhesive force saturated for preloads above 5 mN). The authors
found that non-patterned adhesives also exhibited preload dependence, concluding that viscous

dissipation reduced the adhesive force for patterned adhesives. It is more likely that the areal

density was too low for the chosen pillar radius.

The adhesion of polyimide (PI) pillars with diameters from 0.2—4 pm, heights from 0.15-2 pm,
and pitches comparable to pillar diameter have been reported using a 50-ym-wide flat silicon
AFM tip with a 10 mg preload [22]. The authors found that adhesive forces for all samples
fell on a single curve, with adhesive force inversely proportional to the square of the array
pitch. The authors conclude that adhesive force is directly proportional to areal density and
only weakly dependent on pillar geometry. The authors have assumed that areal density is
proportional to #; however it is actually proportional to %. This distinction is important as
the radius is not constant in their work. Taking into account the varying pillar radius, there
is a non-linear correlation between adhesive force and areal density. Significantly different
adhesive forces were reported for different pillar radii at the same areal density, suggesting a

significant dependence on pillar geometry.

Tsai et al. used flat silicon AFM tips to test the adhesion of square pillars in electron-beam
lithography photoresist (ZEP 520A) with widths from 100—1900 nm, pitches from 2002000 nm,
and a height of 450 nm [74]. Adhesive strengths increased almost exponentially from 1-8 kPa

with an increase in areal density from 15-90%.

Whilst we do not discuss hierarchically structured adhesives in this review, Glassmaker’s work

on film-terminated fibrillar adhesives gives an interesting insight into the effect of areal density

18



382

383

384

385

386

388

389

390

391

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

and contact area [23]. Glassmaker et al. studied the adhesion of PDMS films patterned with
square pillars with width of 14 pm, heights from 50-60 pum, and pitches from 38-87 um,
capped with a 4—pm-—thick PDMS film. A 3.97-mm-diameter glass sphere was separated at
1 pm s~1. Increasing array pitch (thus decreasing areal density) was found to increase both the
adhesive force and compliance. The adhesive force of non-patterned PDMS was reported to
be 2.5 mN, whilst surface patterns with pitches of 38, 62 and 87 um gave adhesive forces of
5, 8 and 11 mN, respectively. Evidently applying a continuous film reverses the dependence
of adhesive force on areal density as the surface area is no longer dependent on areal density.
The adhesive force ratio reported by Glassmaker is several times higher than that reported by
Greiner [27] for comparable pillar size, areal density and substrate, owing to an increase in

contact area.
Fatterned adhesives are sensitive to substrate curvature and roughness.

A useful comparison between spherical and flat substrates can be found in Kroner’s work, using
PDMS adhesives with pillars of radius 4.7 pm, aspect ratios 0.2 and 0.4, and an areal density
of 20% [39]. The adhesive forces for non-patterned PDMS and PDMS patterned with pillars
of aspect ratio 0.2 and 0.4 were: 34, 12.5 and 15 mN, respectively, for a flat substrate; 1.9, 1.6
and 0.6 mN, respectively, for a 2-mm-diameter substrate, and; 5, 1 and 1.2 mN, respectively,
for a 5-mm-diameter substrate. This comparison shows that adhesive force is highly dependent
on substrate curvature, with patterned surfaces being more sensitive to curvature than non-
patterned surfaces. The authors attribute this effect to misalignment between the spherical
substrate and pillar tips at the edge of the contact region, consistent with measurements against
the curved side of cylindrical probes [59], although misalignment effects are expected to be

minimal with spherical substrates.

The effect of substrate roughness on the adhesion of silicon to PDMS pillars with diameters of
10 pm, aspect ratio two, and mushroom tips was investigated by Canas, using a separation rate
of 5 yum s~! [10]. The authors reported an almost exponential reduction in adhesive strength
with increasing surface roughness, with adhesive strengths of 80 kPa and 5 kPa for root-mean-

squared surface roughness of 2 nm and 618 nm, respectively. The authors concluded that
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conformation and, hence, adhesion was influenced by the deepest topological features of the

surface.
Adhesion to flat substrates is largely independent of preload.

Paretkar et al. investigated the adhesion of PDMS patterned with 10-pm-diameter pillars with
aspect ratio three and areal density of 28%, using a 1-mm-diameter glass cylinder separated
at 1 pum s=! [54]. Non-patterned PDMS exhibited no preload dependence, with a constant
adhesive strength of 8 kPa. In contrast, the adhesive strength for patterned PDMS was 30 kPa at
zero preload and 60 kPa for all preloads up to 120 kPa. For preloads greater than 120 kPa pillars
buckled and flipped into side contact, and the adhesive strength reduced to 1.2 kPa. Hence
the relative adhesive strength was increased 3-fold with no preload and 7.5-fold following the
application of a preload. In separate work, the authors reported a threshold preload value of
0.6 MPa, beyond which PDMS pillars of 10-20 pzm diameter and 20 pm height began to buckle,

with pillars eventually making side contact for preloads above 1.25 MPa [53].
Asymmetrical pillars exhibit directional adhesion.

An interesting study has been reported on the directional adhesion of half-cylinder PDMS fibrils
(i.e. cylinders with a semi-circular cross-section) with radius of 5 um, aspect ratio of four, and
areal density of 15% [72]. The authors measured adhesion to a 4-mm-diameter glass puck
for varying preloads, with and without shearing of the pillars prior to separation at 1 ym s™*.
The adhesive force without pre-shearing was 40 mN for the patterned adhesive, compared
to 250 mN for flat PDMS at a preload of 100 mN. Interestingly, the adhesive force for the
fibrillar adhesive could be increased or decreased by a factor of two by shearing in or against the
direction of the flat pillar edge prior to separation, respectively. This arose from the difference
in contact area between the top, flat edge and curved edge faces of the pillar. In a separate study
the authors demonstrated significant preload dependence on adhesion after shearing towards the
curved face [71]. Similarly, Parness et al. have shown that wedge-shaped pillars, with a wide

base and narrow tip, exhibit negligible normal adhesion unless the pillars are pre-sheared to

increase the contact area [55].

Adhesion to viscous films is improved with patterned adhesives
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Patil investigated adhesion of PDMS patterned with square pillars with widths from 15-450 pm,
pitch of twice the diameter, and height of 40 m on a 10—um-—thick backing layer [56]. Instead
of testing adhesion to a rigid substrate, a viscous PDMS (1% crosslinker by volume) film was
cast directly over the adhesive and a flexible glass slide placed on the viscous film prior to peel-
ing at 3 um s—!. The viscous liquid failed cohesively on non-patterned PDMS and adhesively
on patterned PDMS, with an adhesive force with pillars twice the cohesive without pillars. The

adhesive force was inversely proportional both to pillar width and array pitch.
Lower areal densities improve shear adhesion

Mahdavi et al. reported shear adhesion of poly(glycerol sebacate acrylate) (PGSA) adhesives
patterned with conical structures with pillar diameters from 100 nm—-1 pm and heights from
0.8-3 um against porcine intestinal tissue [47]. The separation rate and preload were not dis-
closed. The adhesive force was inversely proportional both to the ratio of tip diameter to pitch,
and the ratio of tip to base diameter. In other words, reducing either tip radius or areal den-
sity increased adhesion, and structures that are more resistant to shear deformation gave rise
to larger adhesive forces. It is not clear from this study whether the pillars penetrated the skin
akin to micro-needle arrays used for trans-dermal drug delivery [28, 30]. The pillars used in
Mahdavi’s work are of much lower heights than those typically used for micro-needle arrays,
owing to the requirement to reach the dermis [30]. However, penetration of the epidermis could

result in mechanical interlocking, rather than gecko-like adhesion.

Kramer et al. have investigated the shear adhesion of low-aspect-ratio PDMS hemispheres,
with the flat surface presented for adhesion [38]. The authors measured shear adhesion to glass

1

slides with zero preload, separated at 60 mm s~ . The authors report adhesive strengths of

120410 kPa for 50-pum-diameter pillars with areal density 20%, and 170+10 kPa, 160£5 kPa
and 150+7 kPa for 100-pm-diameter pillars with areal densities of 10, 12, and 15%, respec-
tively. These results suggest that adhesive force increases with increasing pitch, consistent with

Mahdavi’s work [47], and contrary to observations of peeling and normal separation.
Pillar angle gives direction-dependent adhesion

Jeong et al. investigated shear adhesion of polyurethane acrylate (PUA) adhesives patterned
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with spatula-tipped pillars with diameters of 700 nm, 350 nm, and 600 nm at the bottom,
neck, and tip respectively [32]. Backing layer thickness values of 50-60 um were used, and
shear adhesion was measured against the polished and rough faces of a silicon wafer, with a
preload of 0.3 N cm~2. The authors reported adhesive strengths against smooth Si of 30 kPa for
smooth PUA and 150 kPa for PUA patterned with vertical pillars. For tilted pillars, the adhesive
strength was 200 kPa and 2 kPa for pillars tilted at 30° towards and against the shear direction,
respectively. For rough Si (rms=674 nm), the adhesive strength was negligible for non-pattered
PUA and 55 kPa, 70 kPa and 15 kPa for vertical pillars and pillars tilted at 30° towards and
against the shear direction, respectively. The adhesive strength against rough surfaces approxi-
mately halved owing to the size of the spatula precluding penetration of the topological features

of the rough Si surface.

Similar direction-dependent adhesion has been reported for tilted PDMS pillars that were
sheared in and against the tilt direction during preloading, followed by normal separation [14].
Boesel has also reported direction-dependent adhesion for tilted PUA pillars sheared under con-
stant load [9], as has Kwak for triangular-tipped PDMS pillars peeled from a smooth glass sur-
face [41]. Das et al investigated the effect of shear and tilt angle on contact area and found that
contact area increased when sheared in the tilt direction and decreased when sheared against
the tilt direction, and presented an analytical model of contact area consistent with JKR theory

[18].
Mushroom-shaped pillars offer superior adhesion to flat punch

Del Campo et al. investigated the detachment load of pillars with different tip geometries using
a 5-mm-—diameter sapphire sphere separated normally from the array surface at 1 gm s~ [19].
For pillars with aspect ratio of one, flat punch geometries enhanced adhesion only for a radius
of 2.5 um, larger radii resulted in reduced adhesion. Rounded punch and convex tip geometries
both resulted in a loss of adhesion for pillar sizes from 2.5-25 pym. However, mushroom and
spatula tip geometries were found to greatly enhance adhesion for pillar radii of 10 gm and
25 pm. The performance of spatula tip geometries lay between that of flat punch and mushroom

geometries. The radius of the mushroom tip was not found to affect adhesion significantly, in
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a4 contrast to the underlying pillar radius. The findings of Del Campo are consistent with other

a95 reports of mushroom-tipped pillars [12, 16, 65, 69].

a9 Mushroom-shaped PVS pillars have also been investigated for peel adhesion by Gorb et al. The
o7 patterned adhesive was peeled from a glass surface by fixing the load and varying the peeling
ws angle to maintain a separation rate of 100 yum s~!, after a preload of 50-130 mN [25]. The
a0 pillars had base and tip diameters of 60 pm and 25 pm, respectively, height of 100 xm, and a
soo mushroom tip with diameter of 40 m and thickness of 2 yum. The peeling strength for patterned

!, compared to 22 N m~! for non-patterned PVS. Gorb used Kendall’s

sor adhesives was 40 N m™
so2  peeling model (Equation 8) to determine the fracture energy of the adhesive, which was found
s0s to be 1.38 and 0.51 J m~2 for the flat and patterned surfaces, respectively. The peeling force

s« was independent of preload for both flat and patterned surfaces.

ss  Mushroom-shaped pillars have also been tested against human skin [42]. PDMS (7.5% crosslinker)
soe mushroom-tipped pillars with varying pillar and tip diameter, aspect ratio, and areal density
so7  were tested against the shaved skin on the back of a volunteer’s hand under constant load fol-
sos lowing a preload of 0.3 N cm~2. For 5-ym-diameter pillars with 9-m-wide and 0.6-um-thick
so9  mushroom cap with an areal density of 20%, the adhesive strength was comparable to non-
st patterned PDMS at 5 kPa for aspect ratios of one and two, but increased to 10 kPa and 9 kPa

511 for aspect ratios of three and four, respectively.

sz The superiority of mushroom geometries is thought to arise from the concentration of stress
s13 - within the contact area, as opposed to at the edges of the contact area for flat punch or convex
s14  tip geometries. In the latter, the stress concentration forces detachment to begin at the edges of
s15 the contact area, in contrast to mushroom geometries, in which detachment begins in the centre

st Of the contact area [11, 12].

= 4 Concluding remarks

sis ' The major findings of this review can be summarised as follows:
519 e Small contact radius and large aspect ratios favour adhesion for normal, shear and peel
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loading
e Larger adhesive forces are obtained at faster separation rates
e High areal densities are critical for normal and peel loading
e [ow areal densities are favoured for shear loading
e Curvature and roughness of the substrate is critical
e Curved substrates give preload-dependent adhesion, flat substrates do not
e Asymmetrical or tilted fibres exhibit directional adhesion
e Fibrillar arrays improve adhesion to viscous films

The wide range of materials used for fibrillar adhesives gives rise to a range of Young’s mod-
ulus from tens of kPa to several GPa, with varying degrees of viscoelasticity. For viscoelastic
adhesives the adhesive force is rate-dependent, an effect investigated in only a few studies. The
fact that adhesion is dependent on the material properties of the adhesive (in the limiting case
of a rigid substrate the adhesive properties dominate) means that one cannot compare absolute
adhesion between, for example, PDMS and PE. Instead, relative adhesive force and strength
values are more useful measures to determine the efficacy of surface patterning; however, these

can also be dependent on material properties if energy dissipation occurs in the fibrils.

The geometric parameters which influence the efficacy of patterned adhesives are fibre diame-
ter, aspect ratio, areal density, and film thickness. We can relate the relationships between these
parameters and adhesive strength to expectations of analytical models. Indeed, it is evident
through numerous studies that decreasing pillar diameter and areal density increases adhesive
strength under normal loading for both flat and spherical substrates, consistent with contact-
splitting theory. However, if we take a step back from individual studies and compare relative
adhesive forces across studies (see Figure 6) we see that, in Glassmaker’s work [23], pillar
radius and aspect ratio have little effect on relative adhesive force, whilst areal density has a
profound effect. In Kroner [39] and Aksak’s [3] works pillar radius and areal density have little

effect, whereas aspect ratio does, and in Lee’s work [46] areal density has little effect, whereas
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pillar radius and aspect ratio do. Furthermore, we can estimate the relative adhesive force us-
ing JKR theory (see Appendix E), and we find the following dependencies on areal density, p,
pillar radius, R, and circular geometric area of radius R, for several fibre geometries: (1) flat

punch:

Foatterned _ p1_25R8.5R—0.5; (25)

Funpatterned

(2) curvature-invariant convex-ended pillars:

Fa erne —
I = Pl RR T, (26)

Funpatterned

and, (3) curvature-variant convex-ended pillars:

F erne —
L‘i:p23332. (27)

Funpatterned

Unfortunately no single study investigates a sufficiently wide range of design parameters to
verify these relationships. Geim et al. reported that adhesive force is directly proportional to the
areal density using convex-ended pillars [22], Tsai et al. showed an almost exponential increase
in adhesive strength with areal density for square posts [74], and Griener et al. reported a power
law relationship between adhesive force and pillar radius with an exponent between -0.4 and -
0.47 for flat-ended pillars [27]. None of these trends is accurately predicted by contact-splitting
theory and the disparity becomes even more obvious when estimating the relative adhesive
force for a given geometry. For an array of pillars with a radius of 1 pm, areal density of 20%
and geometric radius of 1 cm, there are 2 x 107 pillars in the array. The predicted relative
adhesive forces are 67, 4.5x 103 and 2x 107 for flat punch, self-similar scaling and curvature
invariance, respectively, which are not consistent with reported data. Furthermore, the influence
of aspect ratio is not fully considered in analytical models and individual pillars are unlikely to

behave independently, a central assumption in the models reviewed here.
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None of the analytical models discussed give insight into the effect of aspect ratio, despite
a positive correlation between aspect ratio and adhesive strength under normal loading for
both flat and spherical substrates. By considering the linear elastic deformation of a cylinder,
it is trivial to show that the load required to impart unit strain energy is proportional to the
square root of aspect ratio. Greiner et al. reported that adhesive strength exhibited a power law
relationship with aspect ratio, with an exponent of 0.34. However, the fitted curve from which
the exponent was calculated does not appear to be consistent with the data, and the goodness

of fit is not discussed [27].

Surprisingly, areal density has the opposite effect on shear adhesion than that for normal and
peel adhesion. We speculate that this correlation arises from an increasing contact area as pillars
are sheared into side contact, which is reliant upon adequate separation between neighbouring

pillars.

Several studies have shown a correlation between adhesive force and separation rate for vis-
coelastic materials, and there are examples of both positive and negative correlations between
adhesion and separation rate for the same pillar geometry using different materials. This lack
of consistency highlights the importance of material properties and the role of viscoelasticity

in fibrillar adhesives, which is not yet fully understood.

In conclusion, it is apparent that reducing pillar diameter whilst increasing aspect ratio and areal
density will increase adhesion for out-of-plane loading. In contrast, decreasing areal density is
beneficial for in-plane loading. Although not an accurate model of fibrillar adhesion, the basic
premise of contact-splitting theory — that adhesive strength can be enhanced through the use

of smaller pillars — is supported by numerous studies.

Surprisingly, no study has yet identified a limit to the relative adhesion of fibrillar adhesives,
although several authors have reported condensation or buckling of pillars at high aspect ratios.
Pillar radius and aspect ratio are limited by the resolution of the fabrication process and material
properties. The areal density can be increased until the gap between pillars is the limiting
feature size and the adhesive is almost continuous. This poses an interesting question: how

does adhesive strength behave as the gap between the pillars vanishes?
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There are many interesting studies investigating asymmetrical or angled pillars, pillars with
complex geometries, and hierarchical arrays of pillars-on-pillars, yet a multi-parametric study
of simple flat-ended pillars for a meaningful range of pillar geometries, materials, and load-
ing conditions is lacking. Such a study would be beneficial to understand how geometric pa-
rameters influence adhesion, allowing fibrillar adhesives to be optimised for specific applica-

tions.
Table 4 near here.

Table 5 near here.
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Table 1: Table of symbols. Dashes indicate dimensionless parameters.

Symbol Description Units
) Displacement m
F Adhesive force N
G Adhesive strength Nm—2
R Pillar or sphere radius m
h Fibril height m
Q@ Fibril aspect ratio -

p Areal density of fibrils -

A Geometric area of adhesive m?
n Number of fibrils in array -

o Stress Nm—2
D Array pitch m
w Work of adhesion Jm™2
E Young’s modulus Nm—2
v Poisson ratio -

U Shear modulus N m2
v Surface energy Jm™2
20 Equilibrium spacing in m

Lennard-Jones potential

t Film thickness m

b Film width m

0 Peeling angle from surface ~ deg
c Peeling distance m
P Preload force N

a Contact radius m

k Spring constant N m!
Ug Elastic energy J
Up Potential energy J
Us Surface energy J

28



Attraction i Surface i Attraction
forces

Figure 1: Cross-sectional illustration of the contact between two elastic spheres for (a) Hertz
contact, (b) JKR, and (c) DMT models. No interactions are considered in Hertz theory, only
surface forces within the contact region are considered in JKR theory, and both surface forces
within and attractive forces without the contact region are considered in DMT theory. Solid
lines indicate contact configuration at zero load and dashed lines indicate contact configuration
for an applied load, P. (a) and (b) redrawn from [33].
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Table 2: Key relationships from Hertz, JKR and DMT theories

Author Compressive load Contact radius at | Adhesive force
displacement relationship zero load
Hertz [33] ap =0 F=0
JKR [33] §=2L aw= (=) | F=imR
DMT [20, 48, 49] a= (=) | F=2myp
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[ Rigid material
[] Elastic material

Figure 2: Illustration of the normal separation of (a) a rigid cylinder from an elastic half-space
and (b) a thin elastic film between a rigid cylinder and a rigid half-space and (c) an elastic film
peeled from a rigid substrate. The un-deformed film thickness is given by ¢. Redrawn, with
additions, from [36].
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Figure 3: Illustration of the contact-splitting principle for (a) self-similar scaling and (b) cur-
vature invariance. Top-down and side-on views are shown. Dotted lines illustrate actual contact
area in top-down view. For self-similar scaling the contact area scales with ns and the adhesive
force scales with n%3. For curvature invariance the contact area and adhesive force both scale
with n. A value of n = 2 has been used for illustrative purposes.
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Figure 4: Illustration of the cohesive zone, a region outside the contact region where the
interface is separated by less than a critical distance, J., and is still held by adhesive forces. For
separations greater than J., adhesive forces no longer exist and a crack opens.

33



Figure 5: Illustration of the contact between a sphere and a pillar array at equilibrium (i.e. zero
load) using spring contact theory - redrawn from [66]
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Table 3: Summary of major findings

Small contact radius and large aspect ratios favour adhesion for normal, shear and peel loading
Larger adhesive forces are obtained at faster separation rates

High areal densities are critical for normal and peel loading

Low area densities are favoured for shear loading

Curvature and roughness of the substrate is critical

Curved substrates give preload-dependent adhesion, flat substrates don’t

Asymmetrical or tilted fibres exhibit directional adhesion

Fibrillar arrays improve adhesion to viscous films
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Figure 6: Plots of adhesive force ratio (ratio of adhesive forces for patterned and flat surfaces)
under normal loading as a function of (a) fibre radius, (b) aspect ratio and (c) areal density.
Values have been taken from Table 4; references are given in the figure legend. Special attention
has been drawn to specific data which have unusual properties, such as large aspect ratio and
non-standard fibre geometry, where those data points are identifiable.
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Figure 7: Illustration of different loading configurations for adhesive measurements - (a) peel
adhesion, (b) tensile (or shear) adhesion, and normal adhesion using (c) a spherical probe and
(d) and a flat probe.
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5 Appendix A

Rigid cylinder in contact with an elastic half-space

In the case of a flat -ended, rigid cylinder in contact with an elastic half-space (Figure 2 (b)),
the deformation, 9, of the elastic half-space when a force, F, is applied to the cylinder is given

by [36]:

F(1-1v?%

'="3FER

(28)

The stored elastic energy, Ug, is found by rearranging Equation 28 and integrating the force,

F, with respect to deformation, 9, giving:

B F?2(1 -7

Ug = 1ER +Cg , (29)

where (' is a constant of integration. The surface energy, Ug, is the product of surface energy
per unit area, vy, and the area of contact. The potential energy of the load, Up, is the product of

the force and displacement. The surface and potential energies are given by:

Us = —nR%*y , (30)
F?2(1-1?)
Up=— SER +Cp , (31)

where C'p is a constant of integration. The total energy, Uy, is the sum of the surface energy,

Us, and the potential energy of the load, Up, given by:

(1= F?* (1-v)F

_ 2
Ur = -7l + —5n 2ER

+Cg+Cp=0. (32)

Equilibrium peeling occurs when the differential of total energy across the contacting surfaces
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(with respect to R) is zero, i.e.

dUr
=0, (33)

Differentiating Equation 32 according to Equation 33 gives

(1—v?) F? B

—2mRY + e =0 (34)

The adhesive force, F', can be found by rearranging Equation 34 to give Equation 6, which is

repeated below:

E
F— = 3
\/(1_1/2)871_’7R N

Equation 6 was shown by Kendal to accurately fit experimental data for the separation of acrylic

disks from gelatin sheets for disk diameters ranging from 1-4 cm [36].

6 Appendix B

Thin elastic layer between a rigid cylinder and rigid half-space

For an elastic layer of thickness ¢ between a rigid cylinder of radius R and a rigid surface, the

total energy, Ur, is given by [36]:

2rR?  FE (35)

Applying Equation 33, we get an adhesive force, F', given by Equation 7, repeated below:

7o 212y R4 E
B t 3(1-2v)"°
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The second term in the energy balance arises from considering the elastic strain according to
the linear elastic stress-strain relationship. To verify Equation 7, thin sheets of gelatine ranging
from 400—480 pm in thickness, were sandwiched between an acrylic sheet and acrylic disks

with diameters ranging from approximately 0.5—4 cm [36].

7 Appendix C

Peeling a thin elastic film from a rigid substrate

For peeling a thin elastic layer of thickness ¢ and width b from a rigid substrate, a partially
separated state is considered in which a distance c is already peeled. The energy balance for
creating distance Ac of new surface is then considered (illustrated in Figure 2). Assuming that
the attached portion of the film is inextensible, the elastic energy, Ug, in the detached portion

of the film is given by:

F?c
Up=Up— W (36)

where Uy is the elastic energy stored in the sharp bend of the film, and the second term is the
elastic energy stored in stretching the detached portion of the film. The surface energy, Ug, is

given by:

Us=—cbvy . (37

The potential energy term is the sum of the work done by the force in x and in y, and can be
derived by trigonometry. Given that the force is applied at an angle of # to the substrate surface,
the x and y components of the force are F' cos § and F'sin 6, respectively. The distance travelled

by the force in x and y is given by:
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Ax = Ac+ ccosf — (c+ Ac) cos = Ac (1 —cosb) , (38)

Ay = (c+ Ac)sinf — csinf = Acsinf . (39)

The work done by the force in propagating the crack a distance Ac is the sum of the work done

in x and y, giving:

Up = Fsin0Acsin — F cos0Ac (1 — cosb) , (40)
Up = FAc (1 —00826) — FAc (COS@—COSQG) , 41)
Up = FAc(1l —cosb) . (42)

It is important to note here that Kendall does not consider the additional movement in the
applied force owing to elastic extension of the film. However, Kendall states that the elastic
term can be neglected for most materials, unless stresses up to 10£ can be sustained before

failure, or when the peel angle becomes small.

The total energy, Ur, is then given by:

F2c B
WE

Ur = —cby+ Fc(1 —cosf) + Up + 0. (43)

From this, the peeling force can be found for three scenarios: (1) considering only surface and
potential energies, Fi,, ¢, (2) considering only elastic and potential energies, Fejqstic, and (3)

considering all energies, Fj,,;, summarised in the following:
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oUr F?

O%T _ _py 4+ F (1 —cos _ 44
S v (Lot opE =0 (“44)
by

Fsur = s 45

771~ cosh 45)

Felastic =0b V 2Et7 s (46)
Ftotal ? 1 Ftotal

= 1— — . 47

0 ( 2 ) 5 E + ( 2 ) (1 —cosf) —~ 47)

8 Appendix D

Contact-splitting theory

Starting with the adhesive force from JKR theory [33], we can say that as the substrate radius,
R, approaches infinity (i.e. essentially a flat substrate), R* becomes the radius of the top
sphere, 1, which we will now refer to as Ry. The adhesive force, Fj, for a single spherical

contact is then given by:

3
F() = §’V7TRO . (48)

If we divide the contact into an array of n contacts with radius, R, given by:

R

R N

(49)

so that the contact area of the array, nwR?, is equal to that of the single contact, mR3. The

adhesive force, F', for a contact is given by:

3 (B
F= 277? (ﬁ) , (50)
F=—F. (51
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The total adhesive force for the array of spheres, F7r, can be found by summing over n to

give:

n
Fr = %Fo ) (52)

which is identical to Equation 13, repeated below:

Fr = nF, .

9 Appendix E

Contact-splitting theory can be used to estimate how the adhesive force ratio varies with the
geometric parameters of areal density, p, geometric area, A, and fibre radius, R [68]. The

number of pillars in the array, n, is given by:

2
n = —pRO .
r2

(53)

For a spherically terminated pillar with self-similar scaling the total force scales with /n,

giving the following adhesive force ratio:

— = , 54

7 pvn (54)
Fr 3.,

— =p2 R . 55

Fy P2 Lipr (55)

Similarly, for curvature invariance the total force scales linearly with n, giving:
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s79  For a flat-ended, rigid punch we recall that the force scales with n

54

= p*R3r 2 .

0.25

, which gives:

(56)

(57)

(58)

(59)

(60)



