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Abstract A number of biomimetic and bioinspired micron-
scale surface structures have been developed in recent years
with unique surface properties such as highly enhanced and
switchable adhesion and friction against smooth surfaces.
However, few studies have examined the effect of roughness
on mechanisms for property enhancement, although this is
of critical importance for applications. Here, we investigate
the effect of roughness on adhesion and friction of a family
of film-terminated fibrillar and ridge/channel microstruc-
tures. Although increasing roughness uniformly attenuates
adhesion and friction, we find that the film-terminated struc-
tures maintain their enhancement compared to flat controls
against a variety of rough surfaces (including natural stones).
The principal mechanisms underlying property enhancement
against smooth surfaces remain operative against rough
surfaces. We show how the effect of roughness on surface
mechanical properties of structured surfaces can be under-
stood as a combination of known effects due to structure
and roughness.
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1 Introduction

Inspired by the discovery of fine structures in the contact-
ing surfaces of geckos and other small animals [1, 2], many
groups have reported micro- and/or nanopatterning of sur-
faces as a successful strategy to achieve novel properties
in adhesion [3-5] and friction [6, 7]. Various factors have
been investigated to optimize the behavior of structures
with patterns on their surface, such as their geometry [4, 5,
7-10]—pillars with flat or spherical caps, tubes and concave
tips, spatulae, film-terminated structures, mushroom-shaped
fibrils—and pattern parameters [6, 10-12] such as the
height, diameter and spacing of features. To be useful, such
materials need to maintain enhanced function against rough
surfaces. It is well known that adhesion of elastic solids gen-
erally decreases with surface roughness [13], but it is not
clear to what extent the mechanisms for adhesion or friction
enhancement of biological and bioinspired patterned struc-
tures survive against rough surfaces. In the case of the gecko,
its adhesion is weakened on surfaces with RMS roughness
ranging from 100 to 300 nm [14], a range that matches the
dimensions of its fine structure. Numerous reports have dem-
onstrated the superior performance of patterned materials
against smooth substrates [6, 8, 15-19]. However, research
about how these properties fare on rough surfaces is still
limited [15, 20-23]. Persson’s theoretical work illustrates
the dependence of fibril-array adhesion on substrate rough-
ness [24]. Recent research on the contact between a fibrillar
structure and rough glass surfaces shows that there is a link
between the fibril diameter and certain characteristics of the
roughness; adhesion enhancement is lost if fibril diameter is
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smaller than a characteristic spacing between peaks in the
roughness profile [16]. Kasem and Varenberg investigated
the sensitivity of adhesion for mushroom-shaped microstruc-
tures (pillar height 100 um and contacting plate diameter
50 um) to roughness with relatively small R, < 2.3 um (R, is
the average absolute value of deviation of the surface profile
from its mean), and introduced a new adhesion-oriented inte-
grative roughness parameter [20]. Additionally, Burton and
Bhushan [25] have pointed out the importance of dimension
matching between contacting pairs of structured surfaces.
The decrease in contact area due to roughness and uneven
strain distribution due to asperities contribute to the adhe-
sion and friction reduction in elastomers on rough surfaces
[26-28]. Several characteristics of a rough surface can be
important in relating changes in adhesion or friction to
roughness. For bulk elastic materials, adhesion and rolling
resistance generally decrease with the increase in R, [13].
For structured samples such as those with mushroom-shaped
fibrils, the single parameter characterizing roughness, R,,
fails to explain how adhesion depends on characteristics of a
structured surface. For surfaces comprising a pattern of pil-
lars, the energy sacrifice due to accommodating pillars onto
a rough surface (bending/buckling), and partial contact on
pillar tips cause different effects of roughness [15, 16, 21, 23,
29]. It has been suggested that the ‘Mean spacing between
local peaks’ [16] is a critical surface characteristic for adhe-
sion, in addition to R, or RMS roughness [15, 20, 22, 30].
Film-terminated fibrillar and ridge/channel structures
show excellent capability in modulating adhesion and/or
friction [11, 19, 31]; these are related to but different from
fibrillar structures without a terminal film [6, 8, 18], such
as mushroom-shaped structures. Such bioinspired structures
have a nominally flat surface similar to bulk materials, with
subsurface micropatterns. In particular, the mechanism for
adhesion and static friction enhancement is crack-trapping,
which means that the interfacial crack is trapped in regions
between successive fibrils. For this reason, detachment is
accompanied by periodic mechanical instabilities result-
ing in larger energy loss compared to an unstructured flat
control. The influence of roughness on such structures, in
particular on whether and how the crack-trapping mecha-
nism is affected, is expected to be different from bulk and
fibril-patterned materials. Here, we report on an investiga-
tion of how adhesion and static friction of film-terminated
surfaces are altered against different rough substrates includ-
ing laboratory-roughened glass and natural stones. We find
that although the absolute value of adhesion and static fric-
tion reduce systematically with roughness (as characterized
by the actual area of contact for a fixed load), their enhance-
ment with respect to an unstructured flat control sample is
substantially retained. For the film-terminated ridge/channel
structures, an internal folding mechanism [32] for kinetic
friction enhancement is retained against rough surfaces.
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2 Experimental Section

Seven indenters were used in the experiments. One is a
smooth glass indenter (labeled smooth), and three are rough-
ened glass indenters (labeled as C1, F2 and P1). All four
glass indenters were fabricated by melting a 2-mm glass
rod in a propane flame. The radius of the glass indenters
was about 3 mm; the stone indenters had a similar radius of
curvature in the region of contact. Three of these indenters
were roughened in a tumbler (NSI International Inc, item #
635) using different grit polishing media. The indenter C1
was made with “coarse grit,” indenter F2 was made with
“fine grit”, and P1 with “pre-polish grit.” The last three
indenters, labeled S2, S3, and S4, were cut off from rounded
corners of stones provided by the Michelin Corporation as
typical of those used in road surfaces. All the glass indenters
were coated with a self-assembled monolayer to reduce the
surface energy, preventing sample damage and improving
reproducibility of experimental data [5], while all the stone
indenters were simply washed with de-ionized water and
used without further treatment. The top left image in Fig. 1
shows these indenters.

The samples were fabricated using poly(dimethylsiloxane)
(PDMS, Sylgard 184, Dow Corning) following the proce-
dure of Glassmaker et al. [5]. Briefly, an array of periodic
pillars or ridges was created by molding PDMS into a micro-
fabricated silicon template. After being peeled off the sili-
con mold, the patterned PDMS substrate was placed on a
partially pre-cured PDMS film with thickness controlled
through spin coating. The assembly was then cured at 80 °C
for 2 h. Two different structures were made: film-terminated
ridge/channels and film-terminated fibrils as shown in Fig. 2.
For the film-terminated ridge/channel structure, the samples
were of ridge height D: 40 pum, film thickness £ of about
10 um and substrate thickness of about 700 um. The periodic
spacing between adjacent ridge centers was varied from 20
to 125 um and denoted as S. For the film-terminated fibrillar
structure, the samples were of fibrillar height D: 30 um, film
thickness & of about 10 pm and substrate thickness of about
700 um. The spacing between adjacent fibrillar centers, S,
was varied from 30 to 90 um. A PDMS flat control sample
was also fabricated under the same conditions. In the article,
D30S90, for example, corresponds to a sample of structure
height 30 um and spacing 90 um.

Several roughness characteristics of the indenter sur-
faces were measured in order to seek a correlation between
adhesion and friction on the one hand and surface rough-
ness on the other (see SI.1, Tables S1 and S2, for details).
Although in all cases structured surfaces showed enhance-
ment of adhesion and friction compared to flat controls, we
found little systematic change in adhesion or static fric-
tion with roughness measure. The exception was the actual
contact area of each indenter against a flat control sample
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Fig. 1 Seven indenters used for s2
friction and adhesion measure-
ments. The top left of the figure
shows a picture of the indent-
ers. The remaining figures are
images of the area of contact
estimated by image analysis

of micrographs of the contact
region, as described in more
detail in the text

<4— T height
spacing

50 um
—

Fig.2 (Top) Scanning electron micrograph of a film-terminated
ridge-channel structure. (Bottom) Scanning electron micrograph of a
film-terminated fibrillar structure

under a prescribed normal load (1 mN) taken in same set
of experiments in which all surfaces were tested. The con-
tact area was measured by converting optical micrographs
into a binary image by setting a threshold intensity using
the software Imagel®. Figure 1 shows the result of this
operation on each of the indenters. (The corresponding
set of the original optical micrographs is shown in SI, Fig.
S2.) Measured actual contact area for different indenters
was normalized by the contact area of the smooth indenter,
and we define the resulting quantity to be the contact
roughness factor, a.

% 4 ﬁ‘.’ 1’; \

smooth F2

s2 $3 S4 - 200 um
e |

To measure friction under a controlled normal load, we
used the apparatus and procedure described in SI (Fig. S3).
Briefly, the indenter is brought into contact with a sample
(supported on a glass slide) that is placed on an inverted
microscope under a specified normal load controlled by
a mechanical balance (Ohaus 310D). Then, the sample
is driven by a variable speed motor (Newport ESP MFA-
CC) at 5 pm/s. The frictional force is measured by a load
cell (Honeywell Precision Miniature Load Cell), while the
deformation is visualized and recorded through an inverted
optical microscope. Measurements were performed for the
film-terminated fibrillar and ridge/channel sample sets. For
the ridge/channel structures, the indenter moved orthogonal
to ridges. During friction measurement, the normal load was
maintained at 1 mN. Selected results are present in the main
manuscript; see SI for more details.

To measure adhesion we used the apparatus and proce-
dure as shown in SI (Fig. S4). Typically, an indenter was
mounted to a load cell (Honeywell Precision Miniature Load
Cell), and the assembly motion was controlled by a motor-
ized vertical stage. During the experiment, the indenter was
first brought into contact with the sample, indented into the
sample (15-30 microns, see Figure S5), and then withdrawn
at a constant speed of 1 pm/s. A video of the contact region
was captured by an inverted optical microscope. The adhe-
sion, defined as the pull-off force, was evaluated based on
the force signal recorded through the load cell.

3 Results and Discussion
3.1 Experimental Results
Figure 1 shows differences in actual area of contact for the

different indenters on a flat control sample under 1 mN
normal load. For the smooth indenter, the contact region is
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regular and nearly circular. It is clear that for all the rough
indenters contact is partial and often in separate regions.
Since the same PDMS flat control sample and normal load
were used for all the indenters, this contact area can serve as
a quantitative proxy for the roughness of different indenters,
i.e., the actual contact area is smaller for a rougher indenter
and is a local measure of exactly the same contact region
as used to measure adhesion and friction. (Measurement of
contact roughness factor is described in SI.1.)

Figure 3a shows typical friction force—displacement
plots for sliding the rough indenter F2 on four different
film-terminated fibrillar structures and a flat control sam-
ple at a constant speed of 5 pm/s under normal load of
1 mN. In all cases, the structured samples show a char-
acteristic peak in force, the static friction, which corre-
sponds to the onset of sliding. The magnitude of the peak
increases significantly with increasing separation between
fibrils. (However, as we have shown previously [19], with
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Fig. 3 a Force versus displacement during sliding of rough indenter
F2 on a film-terminated fibrillar surface. The enhancement of static
friction due to crack-trapping is retained against a rough surface.
(Inset: optical micrograph of the contact region.) b, ¢ Both static fric-
tion and adhesion, as measured by pull-off force, increase linearly
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further increase in spacing, static friction reduces along
with a change in mechanism.) The friction against the
rough indenters is substantially reduced for the flat con-
trol as well as for the structured samples. However, it is
clear that the strong enhancement of static friction previ-
ously shown for film-terminated fibrillar structures [19]
is retained for rough indenter surfaces. For example, in
Fig. 3a, the static friction of the flat control is 3.5 mN,
whereas that for sample D30S90 is 15.4 mN, an enhance-
ment by a factor of about 4.5.

Figure 3a inset shows the deformation in the contact
region for film-terminated fibrillar sample D30S90 in con-
tact with indenter F2 under normal load of 1 mN at the point
where highest static friction was observed (red square). The
red circle in Fig. 3a corresponds to the point where the fric-
tion force drops just after the point of highest static friction
and sliding commences. We observe that the contact line
moves slower between fibrils and faster when jumping over
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with contact roughness factor. Inset in b shows an optical micrograph
of the contact region during normal indentation. d Contour plot of
static friction as a function of the contact roughness factor, @, and the
fibrillar spacing for sample set of fibril height 30 um. The colorbar
represents static friction values in mN (Color figure online)
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fibrils, consistent with a crack-trapping mechanism [5, 19]
for static friction enhancement.

The static friction for flat control and film-terminated
fibrillar sample D30S90 and its static friction enhancement
ratio are shown in Fig. 3b (and Table. S3 in SI).

It has previously been shown that adhesion, as meas-
ured by the force required to pull-off a spherical indenter, is
also enhanced by the crack-trapping mechanism [33]. Fig-
ure 3c plots the pull-off force for the film-terminated sample
D30S90 as a function of contact roughness factor. With a
decrease in contact area, the pull-off force decreases system-
atically, in a manner similar to static friction, reinforcing the
idea that crack-trapping remains operative in both cases even
with rough indenters. Typical force—displacement traces for
samples with different fibrillar spacing using rough indenter
C1 are plotted in SI Fig. S5. The clear trend in static friction
and pull-off force with contact roughness factor confirms
that it is an effective representative of sample roughness.

A systematic study of the effect of roughness and fibrillar
spacing on static friction for the fibrillar samples is summa-
rized in Fig. 3d. These data confirm that although decrease
in contact roughness factor uniformly decreases static fric-
tion, the enhancement due to structure is retained.

The effect of rough indenters was also studied for the
film-terminated ridge/channel structures which show sig-
nificant ability to modulate sliding friction [32]. Figure 4a
shows typical friction—displacement traces for indenter C1
moving orthogonal to ridges on film-terminated ridge/chan-
nel samples. Plots of force—displacement traces for different
indenters on flat control and sample D40S125 are provided
in SI (Fig. S6).) The results shown in Fig. 4a are similar
to those reported with a smooth indenter. In particular, we
observe strongly enhanced sliding friction for large spacing
(125 microns) with periodic force oscillation tied to subsur-
face folding and sliding that is the cause of friction enhance-
ment. The friction enhancement for sample D40S125 is
about a factor of four, whereas samples D40S65 and D40S35
show decreased friction, again consistent with measure-
ments against a smooth indenter. Figure 4b shows friction
measurements for different indenters on D40S125, and fric-
tion enhancement ratio values are provided in SI Table S5.
Because the internal folding mechanism for enhancement
of sliding friction operates only for samples with largest
spacing, we have focused on the spacing of 125 pm. The
inset in Fig. 4 shows an image of the contact region during
steady sliding of rough indenter C1 on sample D40S125, and
the inset drawing illustrates the structural deformation that
accompanies the friction enhancement.

Four of the indenters are made of the same glass, while
the other three are stones of indeterminate surface composi-
tion. The indenters also have small variations in their radii.
Despite this, there is a consistent overall trend of reduction
in friction with decreasing contact roughness factor. The
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Fig. 4 a Force versus displacement for sliding a rough indenter C1
orthogonal to ridges in a film-terminated ridge-channel structure. b
Sliding friction increases with contact roughness factor for both the
structured samples and the flat control. (Inset: Optical micrograph of
contact region and schematic deformation of the structures illustrat-
ing the friction enhancement mechanism of internal folding, stretch-
ing and sliding.)

various indenters, stones and glass, very likely are all com-
binations of inorganic oxides. Evidently, their intrinsic work
of adhesion against PDMS does not vary much. In contrast,
the contact roughness factor varies by about a factor of three.
It thus appears that the effect of roughness is the principal
determinant of relative measured properties. Figure S7 in SI
shows that the internal subsurface deformation mechanisms
that enhance sliding friction against a smooth surface remain
at least partially operative against the rough indenters.

3.2 Interpretation

In order to understand the results just presented for adhesion
and friction of a structured elastomer against a rough indenter,
it is useful to identify two types of indenters, two types of sur-
faces, and their four combinations (Fig. 5): (a) smooth indenter
on a flat elastomer; (b) rough indenter on a flat elastomer;

@ Springer
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Smooth Indenter

(@ (b)

Rough Indenter

Flat Sample

(c) (d)

Structured Sample

Fig. 5 Schematic representation of four cases resulting from a com-
bination of smooth versus rough indenters and flat versus structured
surfaces. Adhesion, static friction, and sliding friction are well under-
stood for case (a), and reasonably well known for cases (b, c¢). Here,
we are concerned with case (d), which we interpret in terms of our
understanding of (a—c)

(c) smooth indenter on a structured elastomer, and (d) rough
indenter on a structured elastomer. Case (a) is well understood;
cases (b) and (c) are reasonably well studied. Case (d), which
is of our interest, can then be understood as a departure from
the better studied cases (a), (b), and (c).

Case (a) Adhesion and static friction for the contact pair
of smooth indenter and flat soft solid are well understood, in
the sense that the relationship between work of adhesion and
pull-off force (under normal or shear load, respectively) is
well known. Based on JKR [34] theory and its generalization
by Savkoor and Briggs [35] to account for shear load, the
pull-off force, Fp, and static friction, F. are both propor-

static?
tional to indenter radius, R, and work of adhesion, W:

3
Fy = S7RW 1)
Fstalic = \/EHRW (2)

Steady sliding of a smooth indenter on a flat soft material is
resisted by a characteristic constant interfacial shear stress
[36], 7 (typically between 100 and 200 kPa for PDMS).

Thus, if A is the actual contact area, the sliding force is
Fiding = TA 3

Case (b) When a rough indenter is placed on a soft solid,
two different cases need to be considered. First, for a mildly
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rough indenter, there is full contact between indenter and
soft material (top image of Fig. 5b). In this case, for cer-
tain structured surfaces, effective interfacial adhesion can
be enhanced due to crack-trapping instabilities [37, 38].
However, generally for randomly rough surfaces, the main
effect is to introduce an additional elastic energy per unit
area [27] (U,), a penalty associated with local deformation
required to make the two surfaces conform to each other.
This energy is released as the interface opens, and therefore
the work of adhesion, W,, is reduced from its value for a flat
surface (ignoring the relatively modest increase in area due
to the roughness).

Wr =W- Uel (4)
Evidently, W, is smaller than W and replaces it in Egs. (1)
and (2).

In the second case, the material cannot deform enough to
achieve full contact with the rough indenter (bottom image of
Fig. 5b). Equations (1) and (2) are both based on the assump-
tion of full contact. The effect of partial contact has been
studied widely [35, 39—41]. Generally, contact area decreases
for rougher surfaces and so does the pull-off force and static
friction. One can approximately write the effective work of
adhesion as

Wr,eff = (Z(W - Uel)’ (5)

where a is the contact roughness factor, the ratio of contact
area of rough indenter to the contact area of smooth indenter.
(Assuming that the extra elastic energy associated with the
roughness is also proportional to the actual contact area.)
Substituting Eq. (5) for W in Eqgs. (1) and (2) yields the
prediction that both pull-off force and static friction should
increase in proportion to the actual contact area. This pre-
diction is consistent with data on the flat control shown in
Fig. 3b, c. In addition, Eq. (3) predicts that sliding friction
should also be proportional to actual contact area, which is
consistent with the data shown in Fig. 4b (flat control).

Case (¢) For film-terminated fibrillar samples, we have
previously established that the adhesion is enhanced due to
a crack-trapping mechanism [5]. Static friction is essentially
also a measure of adhesion, but under predominantly shear
loading, and is enhanced by the same mechanism [19, 31].
For a smooth indenter (Fig. 5c), crack-trapping increases
the effective work of adhesion by a factor over its value for
an unstructured flat elastomer, i.e., W, = ¢W, in which c is
the enhancement ratio, a number (> 1) that depends on the
geometrical parameters of the structure [32]. So, the static
friction for smooth indenter on film-terminated fibrillar sam-
ples is:

Fstatic,p = \/gﬂRWeff (6)
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By Eq. (3), the sliding friction for film-terminated fibril-
lar structures equals the product of sliding shear stress and
contact area, i.e., it is more or less the same as that of flat
control. For a film-terminated ridge/channel structure, the
situation is different because, for sufficiently large spacing
between ridges, a new mechanism for energy dissipation,
internal friction due to folding [32], is activated and hence

F, sliding,ridge

= 1Ab (7
where b is a known friction enhancement factor that can

be smaller or greater than unity, depending on the spacing.

Case (d) Consider now the case of a rough indenter on a
structured surface (film-terminated fibrillar or ridge/channel,
Fig. 5d). Figure 3 shows that the crack-trapping mechanism
remains operative even for a rough surface. The measured
dependence of static friction, pull-off force, and sliding
friction can be explained by combining effects discussed in
cases (b) and (c). Static friction (Eq. 2) is controlled by the
effective work of adhesion, which is changed due to both the
structure and the reduction in contact area due to roughness:

Weff,r = (I(CW - Uel) (8)

Here, the reduction in effective adhesion due to roughness
is captured by a (contact area reduction) and U, (elastic
energy due to roughness). The increase in static friction due
to crack-trapping is captured by the factor c. Equation (8)
predicts a monotonic increase in static friction with actual
area of contact, which is consistent with Fig. 3b. A very
similar argument applies for adhesion (Eq. 1), as measured
by pull-off force. Again, Eq. (8) along with Eq. (1) predicts a
monotonic increase in pull-off force with actual area of con-
tact, as observed in Fig. 3c. For the film-terminated ridge/
channel samples sliding against a rough indenter, the sliding
friction can be approximated as

Fsliding,ridge,r

= TtaAb 9)
This expresses the idea that sliding friction is enhanced due
to subsurface folding and sliding (factor b), and reduced
due to partial contact. In actuality, the enhancement factor,
b, depends on both the sample structure and also indenter
roughness. Equation 9 provides an empirical explanation
of the effect of various physical properties on sliding fric-
tion for our structured samples. Experimental data shown
in Fig. 4 suggests that this simple relation breaks down for
small contact areas (those are not represented by the linearly
fitted line). In previous work [32], we derived a condition
for onset of buckling that is a prerequisite for internal fold-
ing. It shows that sliding friction at the indenter-sample sur-
face needs to be above a certain value. For a rough surface,
sufficient reduction in contact area will reduce the average

friction to be below the threshold needed for buckling, effec-
tively turning off the internal folding mechanism.

4 Summary and Conclusions

The principal goal of this work has been to examine the
effect of roughness on mechanisms for enhanced adhesion,
static friction, and sliding friction that rely on film-termi-
nated architectures. We studied film-terminated fibrillar
and ridge/channel structures. The film-terminated fibrillar
structures exhibit enhancement of adhesion and static fric-
tion due to a crack-trapping mechanism. This mechanism
remains substantially operative against rough surfaces. The
film-terminated ridge/channel surfaces exhibit strong modu-
lation of sliding friction by internal folding and sliding; this
mechanism, too, remains operative against rough surfaces.
We suggest that scaling relations that explain the effect of
roughness on flat elastomers and the effect of structured sur-
faces against smooth surfaces can be combined to explain
static and sliding friction of structured surfaces against
rough indenters.
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