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Controlling Adhesion with Surface Hole Patterns
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Alfred J. Crosby

Polymer Science and Engineering Department, University of
Massachusetts, Amherst, Massachusetts, USA

Defined surface structures of various shapes and length scales can impact the
adhesion of polymer interfaces. Most recent research has focused on the use of
high-aspect-ratio post-like structures to modify the formation and separation
mechanisms for a contacting interface. These mechanisms for controlling adhesion
were inspired by the natural mechanisms present in examples such as the gecko
and jumping spider. Although post-like structures are effective, numerous other
geometries can impact adhesion properties through different mechanisms. In this
article, we present and discuss the impact of surface hole patterns on the adhesion
of soft, elastomeric interfaces. The surface holes are shallow, cylindrical depres-
sions that decorate the surface of the elastomer and alter the separation mechan-
isms from rigid surfaces. We specifically focus on the effect of hole radius and
nearest hole spacing on the overall adhesion descriptors. Using contact adhesion
experiments largely based on the theory of Johnson, Kendall, and Roberts
(JKR), we demonstrate that surface holes can alter the stability of the contact edge
during interfacial separation. This stability does not affect the overall work of
adhesion for a crosslinked polydimethylsiloxane interface, but it does permit
tuning of the maximum separation force. These results emphasize the importance
of measuring the interfacial area during adhesion testing, the significance of the
contact edge, and the opportunities for using surface holes to tune the dissipative
processes of interfaces that involve viscoelastic materials. These conclusions are
particularly significant in the context of characterization techniques that do not
allow for the direct measurement of contact area, such as nanoindentation or
scanning probe microscopy measurements.
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INTRODUCTION

Inspired by examples such as the gecko and jumping spider, several
research groups have demonstrated how micro- and nano-fabricated
structures on polymer surfaces can control the adhesion of an interface
[1-10]. Most of these structures, because of the inspiration of nature,
have a positive skewness (i.e. post-like) in which the topography lies
generally above the surface baseline (e.g., posts on a surface)
(Figure 1). In these cases, the primary mechanism for controlling
adhesion is the balance of initiation and propagation events during
interfacial separation [8,11,12]. When the pattern features approach
length scales that are generally defined by the ratio of G./E*, the mode
of local separation is altered and typically increases the overall value
of adhesion. Here, G, is the critical energy-release rate that describes
the adhesion of the interface, and E* is the elastic modulus of the
material interface.

Although post-like patterns produce desirable results, defined
surface structures of various shapes can modify adhesion through a
variety of mechanisms. In fact, in addition to recent work on post-
covered surfaces, several mechanisms were outlined by Kendall in
1975 [13]. For example, Kendall demonstrated how alterations in
surface stiffness can control the local separation velocity of a polymer
layer, hence controlling the overall adhesion of a viscoelastic polymer.
Although the results of Kendall and the recent results of synthetic
gecko surfaces demonstrate promise, an understanding of the pat-
tern—material-property relationship has not been developed. In this
article, we present our results and discussion on the effect of surface
holes on the adhesion of an elastomer to an inorganic surface. The goal
of our overall program is to explore the wide parameter space of differ-
ent patterns and materials with the aim of developing general guide-
lines for the strategic design and tuning of polymer adhesion.

Surface hole patterns present an interesting case for the geometric
control of adhesion. First, the highest topographic level on these sur-
faces is the continuous phase. In contrast to post-like surfaces where
a key mechanism is linked to the mechanical independence of each
feature, the mechanical deformation of surface holes is often coupled.
This fact immediately suggests that their mechanism for controlling
adhesion will be significantly different from that of surface posts.
Second, interfacial holes, or cavities, commonly develop during the
separation process of many soft polymer interfaces (Figure 1). The
experimental results of Creton, Chaudhury, Shull, and others have
clearly shown that the onset and propagation of interfacial cavities
is a key mechanism related to the overall adhesion of soft polymer
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FIGURE 1 (a) Image of topographic features on the foot of a gecko. Reprinted
from Ref. 10. Copyright 2003 National Academy of Sciences, USA. (b) Image of
synthetic gecko surfaces. Reprinted by permission from Macmillan Publishers
Ltd: Nature Materials, (Ref. 5: Geim et al. Nat. Mater. 2, 461-463, 2003).
Copyright 2003. (c) Image of cavitated polymer interface during separation.

films [14-19]. Because of the onset of these elastic instabilities, a
preferred interfacial geometry develops to increase the overall com-
pliance of the polymer layer and permit chain rotation and motion
away from the interface. This chain mobility often enhances energy
dissipation, thus increasing the work required to separate the inter-
face. In a related manner, Gay and Leibler [20] described how the
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onset of interfacial cavities can cause the development of negative
pressures, or vacuum pockets, across a soft polymer interface. Conse-
quently, the energy of separating these interfaces is not only linked to
the local material-defined energy-release rate criteria but also to the
energy required to overcome the vacuum pressures.

In this article, we discuss how simple patterns of circular surface
holes arranged in square arrays can alter the adhesion of crosslinked
polydimethylsiloxane to fused silica. We investigate the influence of
elastic modulus, hole radius, hole depth, and nearest-neighbor spacing
on the separation mechanisms of these interfaces. Our results demon-
strate the importance of the contact edge, not the contact area, in
defining separation processes and suggest additional mechanisms
beyond vacuum development for the control of adhesion. In the follow-
ing sections, we discuss our experimental approach, an overview of the
results, and a discussion of the relationships derived from the
response of the patterned interfaces.

EXPERIMENTAL APPROACH
Pattern Fabrication

To fabricate a patterned layer, we begin with conventional photolith-
ography. We spin coat a commercial photoresist (Shipley SU8 supplied
by Microchem Corp., Newton, MA, USA) onto a clean silicon wafer
with a thermally grown layer of silicon oxide. After required prebaking
of the photoresist, the film is exposed to UV (OAI, 365nm, OAI,
San Jose, CA, USA) through a transparency-printed mask (Pageworks,
Cambridge, MA, USA). The exposed photoresist film is subsequently
developed to expose a surface of photoresist posts of height (k) equal
to the thickness of the spin-coated film. The radius of the posts (r) is
defined by the mask features. For low-aspect ratios (h/r, << 1), the
thickness of the photoresist defines the required height of the surface
features, and this photoresist post surface serves as a template for a
cured elastomer layer. For deeper pattern features, we wet etch the sili-
con oxide surface not covered by the photoresist posts. Because of
imperfect anisotropic control of wet etching, the posts in the etched
silicon oxide display a slight sidewall taper. This taper does not signifi-
cantly affect the mechanical response of our test samples since we are
interested in the cast negative of this post template.

After fabrication of the pattern template, the uncured polymer mix-
ture is poured onto the template, cured, and mechanically released
from the rigid template to reveal an elastomer surface with defined
surface holes. The mask used in these experiments is designed to
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1 cm

FIGURE 2 Photolithographically fabricated pattern library of holes etched
into silicon oxide surface. Diameter of holes varies along vertical axis, and spa-
cing between holes varies along horizontal axis.

fabricate one surface library with 100 different patterns (Figure 2).
Along one axis of the library, the hole radius (r,) ranges from 25 um
to 250 um. Along the orthogonal axis, the nearest-neighbor spacing
(L) varies from 50 um to 500 um. This sample library design ensures
equal comparisons of adhesion response across the different patterns.
The material properties, history, and overall physical dimensions are
conveniently equal with the sample design, thus removing a signifi-
cant amount of experimental artifact. The depth () of the surface
holes is either 6 pm or 20 um for the patterns discussed in this article.
The pattern dimensions are reported for specific results.

Materials

The patterned elastomer layers are crosslinked polydimethylsiloxane
(PDMS) made from Dow Corning’s Sylgard®” 184 (Dow Corning,
Midland, MI, USA). These products are crosslinked by combining a
mixture of crosslinking agent and prepolymer, degassing the mixture
to remove air voids, and curing at a constant temperature of 70°C for



08: 35 22 January 2011

Downl oaded At:

316 T. Thomas and A. J. Crosby

2h. To vary the moduli of this material, we control the ratio of cross-
linker to prepolymer from 1:10, 1:15, and 1:20. Because the curing pro-
cess is not 100% efficient, we swell the cured elastomers in hexane to
remove uncrosslinked chains.

The fused silica surface to which the adhesion of the patterned elas-
tomer is measured is a smooth, polished hemisphere of fused silica
purchased from ISP Optics Irvington, NY, USA. The radius of curva-
ture (R) of the hemispherical lens is 5 mm.

Contact Adhesion Testing

Contact adhesion testing based on the theory of Johnson, Kendall, and
Roberts (JKR) [21] is performed to quantify the adhesion and near-
surface mechanical properties of both nonpatterned and patterned
surfaces. The details of the instrument and process have been reported
previously [11]. In short, the elastomer layer is fixed to a glass slide
that is subsequently mounted to the translation stage of an inverted,
optical microscope. The fused silica lens then contacts and separates
from the elastomer surface while the applied displacement (), result-
ant force (P), and interfacial area (A = na?) are recorded via custom-
written software in the National Instruments Labview environment
(Austin, TX, USA).

A representative force-displacement curve for a nonpatterned
PDMS/fused silica experiment is shown in Figure 3. Corresponding
images of the interfacial area are also shown in Figure 3. From these
data, we quantify the critical energy-release rate for interfacial separ-
ation (G.) and the elastic modulus (¥) of the PDMS near surface. The
values of these material and interfacial descriptors for all three PDMS
elastomers are provided in Figure 4. The modulus of the elastomer
decreases with decreasing weight percent of crosslinking agent due
to the decreasing density of crosslink junctions. Also, G. slightly
increases as the weight percent of the crosslinking agent decreases.
This behavior is not purely understood because of complex, undis-
closed formulation of the commercial PDMS, but these details are
not necessary for determining the influence of surface holes on
adhesion. We simply use the measured values of G, and E for nonpat-
terned surfaces as a baseline for our analysis of patterned surfaces.

The adhesion of patterned surfaces is also measured using the
contact adhesion testing method as previously described. Because of
the nonaxisymmetric growth of the interfacial area upon contact and
separation for these experiments, G, based on the JKR theory cannot
be used as a straightforward descriptor of the patterned interface
adhesion. To quantitatively compare the response of surface hole
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FIGURE 3 Typical force (P) versus displacement () data curve for a glass
hemisphere (R = 5 mm) contacting and separating from a nonpatterned cross-
linked PDMS surface. Contact area images as a function of time are shown on
right. The crosslinker ratio was 1:10 for this representative sample.

patterns, we use two adhesion descriptors, W,oq, and P,,. P, is the
maximum applied tensile force during separation of an interface. Woq1,
is the overall work of adhesion, or the energy per unit interfacial area
that is dissipated between formation and failure of an interface [22]:

$Pdé 2n$G.-a-da

Wadh = Amax Amax (1)

where A, . is the interfacial area at maximum contact. This descrip-
tor is useful for polymer interfaces whose adhesion is dictated by the
history of the interface. For example, for nonpatterned interfaces,
these changes may be associated with phenomena such as chemical
complexes formed upon contact, rearrangement of surface molecules,
or viscous losses in the near-interface molecules [14,23-29].Based on
previous research on the adhesion of crosslinked PDMS [26-29], W41
is an appropriate descriptor for this material. This descriptor is not
equivalent to the thermodynamic work of adhesion. In fact, for a
material interface whose adhesion is only described by reversible,



08: 35 22 January 2011

Downl oaded At:

318 T. Thomas and A. J. Crosby

25 T T

15F .

E (MPa), G (J/m?

" . ]

1:20 1:15 1:10
Crosslinker Ratio

FIGURE 4 Material properties for different formulations of crosslinked
PDMS. The elastic modulus () and the critical energy release rate (G.) for
separating from a glass surface are presented.

surface thermodynamics, the value of W4, will equal zero. The data
presented here for W,4, and P,, represent averages of at least three
experiments, and the associated error bars are smaller than the size
of the symbols used in the plots.

RESULTS

Upon establishing contact between a spherical probe and surface hole
pattern for a given probe curvature and a given maximum force of
compression, three behaviors are observed (Figure 5) depending upon
the pattern dimensions, the material mechanical properties, and the
adhesion forces of the interface. First, the interfacial area is only estab-
lished on the pattern’s top surface, and only one hole (the central hole) is
contacted. These experiments are referred to as single-plane, single-hole
contacts. Second, the interfacial area is only established on the pattern’s
top surface and multiple holes are contacted at maximum compression.
These experiments are referred to as single-plane, multihole contacts.
The third possibility is that the interfacial area is established on
both the top surface and the bottom surface of the hole for only the
central hole. These experiments are referred to as multiplane contacts.
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FIGURE 5 Schematic of three different contact scenarios for the contact
between a spherical probe and a surface decorated with circular holes. Not
drawn to scale. Images on right show true contact area images for different
situations. (a) Single-hole contact with established interface surrounding only
the central hole. (b) Multiple-hole contact with interface established on only
top plane of PDMS surface. (c) Multiple-hole contact with the bottom of the
spherical probe contacting the bottom surface of the central hole.

To organize the results and subsequent discussion, we consider these
three experimental observations separately.

Single-Plane, Single-Hole Contacts

Force-displacement curves for contact adhesion experiments on three
different hole surfaces with different hole radii (r,) are shown in
Figure 6b. For comparison, the force-displacement curve for a nonpat-
terned, or smooth, interface is also plotted in Figure 6b for the same
material conditions. Although a large fraction of the interfacial area
is absent in the three hole contact experiments, the corresponding
force-displacement relationship is not altered significantly and gener-
ally matches the response of a smooth interface. From Figure 6c¢ it is
also clear that the two adhesion descriptors, P, and W,q;,, are not
significantly affected by the absence of the central interfacial area in
the hole contact experiments. Although this result itself is interesting,
this observation is particularly significant in the context of character-
ization techniques that do not allow for the direct measurement of
contact area, such as nanoindentation or scanning probe microscopy
measurements. For these techniques, the dissipated energy related to
adhesion would be normalized by the projected contact area (A = na?)
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FIGURE 6 Data collected on single-hole, single-plane contact experiments.
(a) Contact area images at maximum contact for holes with radii of 125,
200, and 250 um. (b) Force versus displacement curves for nonpatterned sur-
face (left) and three surface holes. Radii of hole displayed above corresponding
force-displacement curve. Initial displacement values have been offset for clar-
ity. (¢) Normalized W,oq, and P as a function of hole radius. These values are
normalized relative to the corresponding parameter from a nonpatterned
interface. (d) Percent change in the overall work of adhesion if a projected con-
tact area is used for analysis. Hole depth (%) equals 20 pm, and the crosslinker
ratio was 1:20 for these samples.

as predicted by JKR contact mechanics [21]:

3R(1-1?)
3 _
Y

(P +3GnR + \/ {6GnRP + (3nGR)2}> (2)

This projected area would not account for the details of the pattern
geometry and would misrepresent the actual interfacial area. If the
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projected contact area was used to calculate W4, then the calculated
values would decrease with increasing radius as shown in Figure 6d.
This result points to not only the importance of monitoring the true
contact area in adhesion testing but also indicates the influence of
the contact edge, not the contact area, in determining the true
adhesion response of an interface. This latter point is discussed
further in later sections.

Single-Plane, Multihole Contacts

For softer materials and/or patterns with more closely packed fea-
tures at maximum compression, the interfacial area encompasses
multiple-hole features. The force-displacement results and maximum
interfacial area images for these cases are shown in Figure 7a. Plotted
for comparison is the force-displacement data for a smooth interface
from the same materials. Comparing the data in Figure 7a with that
in Figure 6a, it is evident that neighboring holes begin to influence
the separation process of the elastomer interface. Specifically, force
instabilities where the force changes significantly with little change
in displacement are evident for multihole interfaces. These sudden
changes in the resultant force are attributed to fast transitions in
the interfacial area. Essentially, the surface holes pin the contact
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FIGURE 7 Data for multiple-hole, single-plane contact experiments. (a)
Maximum contact area images and force-displacement data for surface hole
patterns with radii of 25, 50, 75, and 100 um. Initial displacement values have
been offset for clarity. (b) Normalized W4y, and P as a function of hole radius.
Values are normalized relative to corresponding parameter for nonpatterned
interface. Hole depth (2) equals 6 um, and the crosslinker ratio was 1:15 for
these samples.
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edge, and upon overcoming a required activation barrier, the contact
edge accelerates until a stable propagation is reestablished.

Although these instabilities alter the history of the polymer interface
by introducing periods of acceleration, they do not alter W,q4;, in a sig-
nificant manner (Figure 7b). This lack of influence is largely attributed
to the fact that the PDMS interfaces used in these experiments do not
display a significant dependence on separation velocity at the length
scales probed by our experiments. Therefore, the use of patterns to con-
trol local separation velocity has no effect. In contrast to Wogn, P, is
altered by the multihole interface. This dependence is clearly shown
in Figure 7b where P, decreases with increasing hole radius.

Multiplane Contacts

Under certain conditions of applied compressive force, hole and probe
dimensions, and surface mechanical properties, the bottom surface of
a hole is contacted and the interfacial area incorporates two planes.
The second plane of contact at the bottom of the hole presents
additional mechanisms through which surface holes can alter separ-
ation. We observe (Figure 8a) that for isolated hole contacts, P,
increases with increasing hole radius, but W4, and the overall shape
of the force-displacement curve for these experiments are unaffected.
As multiple holes are incorporated into the interfacial area, the effect
of the second plane is diminished and all adhesion descriptors are
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FIGURE 8 (a) Data for single-hole, multiplane contact experiments. Normal-
ized values of W,q, and P as a function of hole radius. (b) Data for multiple-
hole, multiplane contact experiments. Normalized values of W,q;, and P as a
function of hole edge-to-edge spacing (L). Hole depth (k) equals 6 um, and
the crosslinker ratio was 1:15 for these samples.
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relatively unchanged relative to a nonpatterned interface (Figure 8b).
Here, the control mechanisms displayed by single-plane contacts
dominate the response because our experiments are “single-asperity”
contacts, where our spherical probe is the “single-asperity.” If mul-
tiple-asperity contacts were established, we would expect the trends
observed in Figure 8a to continue as multiple holes are contacted.

DISCUSSION

Surface holes can modify or tune adhesion through a wide variety of
mechanisms. One obvious mechanism for surface holes is the develop-
ment of vacuum pockets across the interface. Although this mech-
anism will significantly enhance the overall energy required for
interfacial separation, as discussed by Gay and Leibler [20], it is not
the only mechanism presented by surface holes. In our experiments,
the development of vacuum pockets is suppressed by the elastic modu-
lus of the PDMS. The material with the lowest modulus value is the
1:20 formulation with an elastic modulus of 0.8 MPa, which is too large
to permit the development of vacuum pressures for this geometry.
Atmospheric pressure is 0.1 MPa.

By suppressing this mechanism, our experiments with surface holes
provide unique insight into not only surface pattern control of
adhesion but also the specific mechanisms of PDMS adhesion. Three
primary results are observed in our experiments: 1) contact-area
observations are critical for the correct interpretation of adhesion
measurements for soft, elastic solids; 2) surface holes can dictate local
areas of crack acceleration during separation; and 3) discrete planes of
interfacial area can alter the local separation process.

The results presented in Figure 6 clearly demonstrate the impor-
tance of the contact area on the interpretation of adhesion measure-
ments. For these measurements, isolated surface holes are contacted
with the hemispherical probe, producing the contact areas shown in
Figure 6a. These contact areas are axisymmetric, but a large fraction
of the internal area is missing because of the presence of the central
hole. Although this internal area does not establish an interface, the
force-displacement curves produced from these contacts are nearly
indistinguishable from the nonpatterned contact. This effect is largely
attributed to the contact mechanical response being dictated by the
stressed volume of material, which controls the stiffness of the contact
geometry. For the surface holes presented in Figure 6, if we consider
the outer contact radius to be called a, then the stressed volume will
be roughly a®. Accordingly, the volume fraction of the surface holes
in Figure 6 range from 0.014 to 0.058, or less than 6% of the stressed
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volume. Because this volume fraction is small and the surface holes
are shallow, allowing for the material beneath the hole to contribute
mechanically, the stiffness of the interface as described by the force
displacement is relatively unaffected.

This similarity in the force-displacement curves is observed for both
the loading and unloading portions of the experiments. In the loading
portion, all four curves increase in compressive force in a nonlinear
manner with (—P) oc (—9)*/2, as predicted by Hertzian contact mech-
anics. Additionally, the specific path of loading for each hole pattern
in Figure 6 can be fit with the following equation:

P (e R

where n is found to be 1.5 for our experiments. Therefore, the primary
effect of the central hole is to modify the stiffness of the near-surface
region, and an effective modulus for the near-surface region can be
defined as Eqi = E(1+(r,/R)"). This effect is most dominant at small
displacements or when the contact radius is similar to the radius of
the hole. Similarly, during the unloading portion of the experiment,
the presence of the hole affects the local stiffness at small displace-
ments. This effect does not change the shape of the unloading curve
as seen in Figure 6b, but the rate at which force changes increases
with increasing hole size.

Although the stressed volume explains the similarity of the force-
displacement curves, it also provides insight into the mechanisms of
adhesion for crosslinked PDMS interfaces. As Figure 6¢c demonstrates,
the overall energy dissipated (Waqn) is relatively unaffected by the
presence of the hole in the center of the contact area. For Figure 6c,
Waan is calculated by normalizing the hysteretic area of the force-
displacement curve by the true interfacial area, as measured optically.
If the hysteresis processes of this interface were dictated by far-field
viscoelastic losses in the elastomer, then W,q, would increase with
increasing hole radius (Figure 6d). This increase would occur because
the stressed volume for the different hole geometries would be nearly
identical, and the true interfacial area would decrease significantly
for larger holes. Because the true W,qn does not depend upon the hole
radius, this result strongly indicates that the dissipative processes for
the crosslinked PDMS interface are associated with near-interfacial
processes, not far-field viscoelastic losses.

This finding is consistent with previous research on the adhesion of
crosslinked PDMS and elastomers in general. For crosslinked PDMS
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interfaces, several researchers have shown that a large fraction of the
observed hysteresis in contact adhesion experiments is attributed to
surface chemical complexes that are formed upon contact [28-30].
Although we cannot definitively attribute our observed hysteresis to
similar complexes, the formation of interfacial complexes would lead
to the hysteresis corresponding to the interfacial area and not the
stressed volume, as observed in Figure 6. These results also support
the currently accepted model for the adhesion of weakly viscoelastic
elastomer interfaces where the energy dissipation is confined to the
near-crack-tip region upon separation [24,25,31,32]. For this model
during separation of the elastomer interface, any dissipative processes
are isolated to a small volume of material near the crack tip, which
experiences the largest stresses. This concept leads to an empirically
derived relationship that links the critical energy release rate (G.)
for the interface to the crack-tip velocity, v [25]:

Ge = Go(1+x(v))(1 + $(v)) (4)

where k(v) is a dissipative factor related to truly interfacial events and
¢(v) is a dissipative factor related to bulk molecular processes. The
dissipative processes described by this empirical model would not be
altered by the presence of the surface holes observed in Figure 6;
therefore, W,oq, would not depend upon hole size or spacing.

Although the limits are not fully explored in our experiments, these
results suggest a surface of defined holes can be an ideal geometry for
investigating the length scale of the dissipative region associated with
different polymer interfaces. Also, these results demonstrate the
importance of observing the contact area directly during the charac-
terization of an interface. With the recent development of using sur-
face probe microscopes (SPM) and nanoindentation instruments to
characterize adhesion properties on small length scales, our results
clearly demonstrate how the force-displacement curve can be severely
misleading without the knowledge of the contact area. Because the
ratio of the probe curvature to the length scale of topographic features
on a typical surface for these measurements is similar to the equiva-
lent ratio in our experiments, the force-displacement data from an
SPM measurement may not give a clear, quantitative description of
the interface’s adhesion properties.

The results presented in Figure 6 provide interesting insights, but
the contact of multiple surface holes in Figure 7 demonstrates how
surface holes can alter the adhesion of a polymer interface without
the development of vacuum pockets. In Figure 7, the most striking
result is the onset of force instabilities in the force-displacement
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curves. A force instability is a large, sudden change in the separation
force with a small change in the applied displacement. During a con-
tact adhesion test, a large sudden change in the force is attributed
to a corresponding large change in the interfacial area, which is
directly observed in our optical images. As the interfacial area
decreases during separation, the edge of the receding contact area pro-
ceeds in sequences of stable and unstable propagation. Stable propa-
gation, for displacement-controlled experiments, refers to the case
where additional applied displacement is required to continue the
movement of the contact-edge separation. If we consider this from a
fracture mechanics viewpoint, stable propagation is defined as a con-
dition when 0G/da > 0, where G is the applied energy release rate
and a is the contact radius. For unstable propagation, after movement
is initiated, the contact edge continues to recede without additional
applied energy required (i.e., 9G/da < 0). This self-driven recession
continues until G becomes less than the material-defined critical
energy-release rate, G,, for failure. The reason for the transition from
stable to unstable propagation is the geometry of the contact line. As
the contact edge proceeds between the surface holes, the receding
contact line transitions from large continuous lengths to narrow,
discontinuous lengths (Figure 9). As the contact edge is confined to
these narrowing regions, the applied force is distributed over a smaller
crack front; therefore, the applied energy-release rate continues to
increase until the contact line begins to widen. The radius and spacing
of the holes dictates the rate at which the contact edge decreases, thus
controlling the rate of the force instability. These results point to two
important discoveries. First, similar to the single-hole experiments
discussed previously, these results point to the importance of the
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FIGURE 9 Schematic of contact line proceeding through regions that cause
unstable propagation during separation. Not drawn to scale.
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contact edge (or crack-tip region), not the contact area, in defining the
energy required to separate an interface. Second, during unstable
propagation, the contact line accelerates and decelerates as it passes
from wide to narrow to wide regions. This change in the contact line
velocity, or crack velocity, could be advantageous for the control of
more viscoelastic polymer films. Crosslinked polydimethylsiloxane is
not a strongly viscoelastic material; thus the change in crack-tip
velocity does not have a large effect on G, or correspondingly W .

Although W,4n is not affected by the contact of multiple surface
holes, Figure 7b shows that P is altered by the surface hole patterns.
P decreases with increasing hole radius. The primary reason for this
systematic decrease in the maximum separation force is the balance
between the surface pattern dimensions and a critical contact radius,
a. [11,21]:

367R2G, " .

e = ( 24E ) ®)
This contact radius, a., defines the point at which the maximum sep-
aration force occurs for a nonpatterned interface of elastic materials,
as predicted by the JKR theory. As discussed in a previous publication,
this length scale also plays a significant role in the separation mech-
anism for interfaces with patterns of posts [11]. For surface hole pat-
terns, if unstable propagation of the contact edge occurs near the
radius defined by a., then the maximum force of separation will be less
than predicted by the JKR theory. After the contact edge accelerates
past a., it will become pinned on the next set of surface holes before
finally debonding. This pinning of the contact edge gives rise to the
last local maximum in the force-displacement curve. Based on this
analysis, if surface hole features are not placed within the radius a.,
then at the onset of the surface hole-induced instability, complete sep-
aration would occur. This design would eliminate the second local
maximum observed in the force-displacement curves. Although the
total energy, as described by W4 is not decreased for PDMS by the
presence of surface holes, the maximum force encountered during
separation can be tuned by these mechanisms.

In addition to the instabilities induced by neighboring surface holes,
shallow surface holes can alter the separation mechanism by the
establishment of interfacial areas at both the top and bottom of the
surface holes (Figure 8). Similar to the previous discussions, this
geometric configuration does not alter the value of W,gn for cross-
linked PDMS interfaces, but it does provide a tuning mechanism for
the maximum separation force. Because our experiments only involve
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a single spherical probe, these are the primary experiments for deter-
mining the influence of the second interfacial plane. For interfaces
with single surface holes (Figure 8a), the maximum separation force
increases with increasing hole radius. Although the exact mechanism
causing this increase in separation force still needs to be determined,
the radii for which it occurs is less than the value of a, for the tested
materials. We believe that the mechanism will be related to this
material-defined length scale, but the exact interaction is yet to be
revealed.

SUMMARY

Surface hole patterns provide a unique avenue for tuning the adhesion
of soft polymer interfaces. The surface hole edges and their control of
the contact edge dictate the stability of the separation process, thus
controlling the local velocities of separation. For crosslinked PDMS,
the control of local stability only impacts the maximum separation
force, but it does not control the energy dissipated. It is hypothesized
that this local control of separation velocities can be used advanta-
geously for more viscoelastic polymer interfaces whose adhesion
depends strongly upon separation velocity. The results discussed in
this article also emphasize the importance of the contact edge in defin-
ing the adhesion of a polymer interface. Specifically for crosslinked
PDMS, the results of using surface hole patterns demonstrate that
the adhesion hysteresis is purely associated with phenomena that
are isolated to a small volume of material near the receding contact
edge. Finally, the contact adhesion results on isolated surface holes
indicate the importance of observing the interfacial area morphology
to correctly characterize adhesion based on contact force displacement.
This result emphasizes the care that must be taken in characterizing
adhesion on length scales below the limit of optical observation techni-
ques. Overall, the surface hole patterns on crosslinked PDMS inter-
faces do not significantly enhance adhesion, but they do provide a
robust method for tuning critical adhesion descriptors and provide
an essential link in defining the general relationship between pat-
terns, material, and adhesion.
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