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In this study, the effect of the substrate roughness on adhesion of mushroom-
shaped microstructure was experimentally investigated. To do so, 12 substrates
having different isotropic roughness were prepared from the same material by
replicating topography of different surfaces. The pull-off forces generated
by mushroom-shaped microstructure in contact with the tested substrates
were measured and compared with the pull-off forces generated by a smooth
reference. It was found that classical roughness parameters, such as average
roughness (R,) and others, cannot be used to explain topography-related vari-
ation in pull-off force. This has led us to the development of an integrated
roughness parameter capable of explaining results of pull-off measurements.
Using this parameter, we have also found that there is a critical roughness,
above which neither smooth nor microstructured surface could generate any
attachment force, which may have important implications on design of both
adhesive and anti-adhesive surfaces.

1. Introduction

The problem of quick and easy reversible attachment is of great importance in
different fields of technology. For this reason, inspired by high-performance
attachment systems of some lizards, spiders and insects allowing them to
adhere and run on inverted surfaces [1], a new field of adhesion science has
emerged during the past decade. Several works [2—-5] focused on understanding
the physics behind the spectacular performance of these systems have confirmed
that the structural and functional principles used by biological systems may be
utilized to design artificial surfaces with enhanced adhesion capacity. In the
light of this finding, many attempts have been made to amplify adhesion of a
flat contact by modifying contact geometry, which opened a race for new bioin-
spired dry adhesives [6—10] (and many more, for recent review see reference [11]).

One of a few truly working dry biomimetic adhesives developed so far is
the one based on mushroom-shaped contact elements [12]. Inspired by the
adhesive hairs evolved in male beetles from the family Chrysomelidae, this
type of attachment system performs well on smooth substrates, while being
able to generate strong pull-off force nearly without any preload. The potential
of this artificial attachment system has been verified in allowing a 120 g walking
robot to climb smooth vertical surfaces [13] and, very recently, a 70 kg person to
hang on a glass ceiling [14].

Much research has been carried out on studying various properties of
mushroom-shaped adhesive microstructure and the effects of preload and con-
tamination [12], shear [15], overload [16], tilt [17], hierarchy [18], ambient
pressure [19], oil lubrication [20] and submerging underwater [21] were eluci-
dated. Following experimental research, theoretical explanations of mushroom
shape advantages were also provided [22,23]. However, the effect of counterface
roughness on adhesion of biomimetic mushroom-shaped microstructure has not
been systematically studied yet. It is obvious that the counterface roughness is a
vital factor that may affect the design of microstructured adhesives [20]. For
this reason, in this study, we investigate the effect of roughness and identify the
key roughness parameters responsible for the observed variation in pull-off force.
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Figure 1. Mushroom-shaped adhesive microstructure made of (a) PVS and Epoxy counterfaces (b) 6, (c) 4, (d) 1, (e) 5, with numbers according to table 1.

Table 1. Mean roughness parameters measured at three different sites on each Epoxy replica.
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2. Material and methods

2.1. Specimen

Mushroom-shaped microstructure (figure 1a) was manufactured
[24] by Gottlieb binder GmbH (Holzgerlingen, Germany) at room
temperature by pouring two-compound polymerizing poly(vinyl-
siloxane) (PVS; Coltene Whaledent AG, Altsatten, Switzerland)
into the holed template lying on a smooth support. After polymer-
ization, the ready-to-use cast tape of about 0.3 mm in width with
Young’s modulus of about 3 MPa [25] was removed from the tem-
plate. Mushroom-shaped microstructure consisted of hexagonally
packed pillars of about 100 wm in height bearing terminal contact
plates of about 50 um in diameter (figure 1a). The area density of
the terminal contact plates was about 48%. The backside of the
cast microstructured tape was used for smooth reference surface.
To prepare the samples, the tape was placed on a glass support
while facing either structured or smooth side up. Then, the same

Sm (mm)

original

7 (um™?) surface

o (pm) B (jum)

abrasive paper

two-compound fast-polymerizing PVS was poured onto this tape
from above. Prospective specimen height was defined by the
spacers placed between the support and a covering flat surface
that was used to squeeze superfluous polymer out of the gap.
Using disposable biopsy Uni-Punch (Premier Products Co., Ply-
mouth Meeting, PA, USA), samples of 2 mm in diameter were
punched out of the resulting 1 mm height PVS casts having
either structured or smooth contact surface and always smooth
back surface. To fix the samples, we glued their smooth back sur-
face to the specimen holders using the same PVS.

Counterface samples of 15 x 4 x 1 mm? in size replicating
12 surfaces of different isotropic roughness (figure 1b—d and
table 1) were cast out of 2 Ton Clear Weld Epoxy, (ITW
Devcon, Riviera Beach, FL, USA) using a two-step moulding
technique [26]. This helped studying the effect of surface topo-
graphy only, while avoiding introduction of material-related
differences in adhesion. The surfaces to be replicated were
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Figure 2. (a) Schematic of the home-made tribometer used [27]. (b) Passive self-aligning sample holder based on two orthogonal axes of rotation coplanar with
the contact plane [27]. The system is made much more user-friendly by using thread-tightening screws simplifying considerably preliminary adjustments.

chosen from various office and laboratory objects, such as table,
folder, different types of paper, microscope base and microscope
slide, so to cover as large a range of roughness as possible.

2.2. Equipment

Surface appearance of the specimens used was imaged in an
FEI Quanta 200 environmental scanning electron microscope
(FEI Co., Brno, Czech Republic). Surface roughness was measured
with a mechanical profiler Hommel LV-100 (Hommelwerke
GmbH, Villingen-Schwenningen, Germany). The tests were per-
formed on a home-made tribometer [27] incorporating two main
units used for driving and measuring purposes (figure 2a).
The drive unit consists of three motorized translation stages used
to load the contact by moving the mating surface. The measure-
ment unit consists of two load cells used to determine the forces
acting on the sample. To guarantee full contact and fulfil the
‘equal load sharing’ principle [28] during pull-off force measure-
ments in a flat-on-flat contact scheme, essential in surface texture
testing, a passive self-aligning system of specimen holders was
used (figure 2b).

2.3. Procedure

Each test started by bringing the Epoxy counterface in contact
with the PVS sample. Taking into account that pull-off force gen-
erated in flat-on-flat contact is independent of the preload [12],
only one normal load was applied in this study. After applying
the normal load of 90 mN (nominal contact pressure of about
29 kPa), the pull-off force was measured while withdrawing the
translation stage at a velocity of 100 pm s~ '. Each tribo-pair
was tested at least five times, each time on a different region of
the counterface. Prior to experiments, the samples were washed
with deionized water and liquid soap, and then dried in blowing
nitrogen. The experiments were carried out at temperature and
relative humidity of 20-22°C and 55-60%, respectively.

3. Results and discussion

Average values of pull-off force measured between the PVS
specimens and the Epoxy counterfaces are reported in table 2
Simple comparison of the obtained results shows that at certain
types of roughness mushroom-shaped microstructure adheres
more than 40 times stronger than smooth surface made of the
same material, whereas, in other cases, both types of specimens
generate the same negligible adhesion. Obviously, this results
from the differences in topography of counterfaces leading
to different contact conditions (figure 3). In order to better
understand the relationship between surface texture and

Table 2. Mean values of pull-off force measured between the PVS
specimens and the Epoxy counterfaces.
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operation, we have analysed results of the measured pull-off
force as a function of various roughness parameters. Figure 4
presents the pull-off force generated by mushroom-shaped
microstructure and smooth surface as a function of the counter-
face R,. Itis clear that there is no correlation between the pull-off
force and the R,, as nearly the same force can be achieved on the
surfaces characterized by the R, values differing by approxi-
mately an order of magnitude, and vice versa. In addition to
R,, we have also tested the effect of other classical roughness
parameters, such as maximum roughness depth Ry, reduced
peak height R, mean spacing of profile irregularities S,, etc.
(table 1), and obtained the same lack of correlation between
any single parameter and the measured pull-off force.

Taking into account the fact that the only difference
between the adhesion of tested counterfaces comes from the
variation in their roughness (all other parameters are kept
constant), it is reasonable to assume that there is a certain
roughness characteristic capable of correlating with the
observed changes in pull-off force. Analysing the surface fea-
tures that may affect adhesion, it is possible to come to the
conclusion that the most important role is played by the sur-
face asperities [29]. It is obvious that the more asperities
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Figure 3. Mushroom-shaped adhesive microstructure in contact with Epoxy counterfaces (a) 6, (b) 4 and (c) 1, with numbers according to table 1.
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Figure 4. (a) Pull-off force of mushroom-shaped PVS microstructure and (b) smooth PVS surface presented as a function of the Epoxy counterface roughness average R,.

(contact points) the surface bears, the larger the adhesion is.
Similarly, asperities of larger radius generate larger adhesion
[30,31]. On the other hand, adhesion decreases with increas-
ing dispersion of asperity heights [29]. Based on these
tendencies and using the surface density of asperities 7, the
mean radius of asperity summits 8 and the standard devi-
ation of asperity height distribution oy [32], we defined a
new adhesion-oriented integrative roughness parameter R;:
Os

=By

Parameters o, B and 7 are not readily calculated by
standard roughness analysis software, so we have obtained
them using the following approach [33,34]. First, each digi-
tized profilometric trace (we have measured three traces for
each substrate) was analysed to determine spectral moments
Mo, My, My

my = AVG[(2%)],
E 2
dx/) |’
2
d’z
my = AVG (@) s

where the AVG operator computes the arithmetic average,

ny = AVG

and z(x) is the surface height profile. Then, assuming isotro-
pic roughness of a normally distributed height, the values
of o, B and n were obtained from the spectral moments of
each digitized trace as

m2 1/2
oy = (mo —0.8968 m—2> ,
4

2\ 12
B =0375 (m—> ,

4
my

= 6’7T\/§1712 '

Finally, to compute the R; for each substrate, the values of o, 8
and 7 were averaged (table 1) for three corresponding traces.

Figure 5 presents the pull-off force generated by mushroom-
shaped microstructure and smooth surface as a function of a
new roughness parameter R;. This chart shows a clear corre-
lation between the two in both microstructured and smooth
samples. The effect of roughness, however, is different in two
types of surfaces. In smooth surface, the pull-off force decreases
with increasing roughness of counterface with approximately
constant rate, whereas in microstructured surface, the pull-off
force first decreases slowly, remaining on nearly the same
level across a wide range of roughness, and then falls sharply
at certain critical roughness. This means that mushroom-
shaped microstructure is much more robust and tolerant to irre-
gularities of the counterface, resulting in a more than 40-fold
increase in pull-off force that may be achieved in comparison
with smooth surface made of the same material.

Yet another interesting point is that, surprisingly, the criti-
cal roughness at which the pull-off force approaches zero is the
same despite entirely different topography of both types of the
tested elastomeric samples. This may possibly mean that each
pair of materials has its own critical roughness characterizing
the passage from an adhesive to a non-adhesive surface
state. This concept may find wide use in designing surfaces
of tailored adhesive properties. The question of whether
this assumption is true, however, remains open and calls for
further research.
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Figure 5. (a) Pull-off force of mushroom-shaped PVS microstructure and (b) smooth PVS surface presented as a function of the Epoxy counterface integrative

roughness R;.

4. Conclusion

The measurements performed demonstrate that attachment
ability of mushroom-shaped microstructure is less sensitive to
a variation in counterface roughness than smooth surface
made of the same material. This robustness supplements a list
of advantages that this texture has in possession and gives
more weight to the reasons why many naturally evolved bio-
logical attachment systems are based on mushroom-shaped
geometry [35].

Analysing the effects of roughness, we have shown that clas-
sical parameters cannot be used to explain topography-related
variation in pull-off force. This has led us to the development
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