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Abstract

Surface wrinkles are interesting since they form spontaneously into well-defined patterns. The
mechanism of formation is well-studied and is associated with the development of a critical
compressive stress that induces the elastic instability. In this work, we demonstrate surface
wrinkles that dynamically change in response to a stimulus can improve interfacial adhesion with
a hydrogel surface through the dynamic evolution of the wrinkle morphology. We observe that
this control is related to the local pinning of the crack separation pathway facilitated by the surface
wrinkles during debonding, which is dependent on the contact time with the hydrogel.
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INTRODUCTION

Interests in stimuli-responsive materials stem from their amazing ability to develop sudden
macroscopic property changes in response to an external stimulus.? These materials are
potentially useful in many applications that require the dynamic control of interfacial
properties, such as adhesion,2:3 friction,* and wettability.>:8 One interesting concept
involves utilizing surface wrinkles as stimuli-responsive materials. Surface wrinkles are a
class of elastic instability that develops in response to a critical compressive stress.3:6-14
Because the resultant topographic wrinkle patterns are well-defined, several groups have
utilized stable surface wrinkles to tune the adhesion of “dry” polymer interfaces. The results
are very interesting since soft polymer adhesion can be enhanced or suppressed, and this
control is related to the surface wrinkles feature size-scale in relationship to a materials-
defined length-scale. More recently, Hayward and coworkers have studied the dynamic
response of wrinkled hydrogel materials.”*1°> The key result of their work is the
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demonstration of the dynamic change of the surface wrinkles via an external stimulus such
as pH.

Based on these inspirations, we present a new strategy to tailor soft polymer adhesion via
responsive surface wrinkles that takes advantage of a polymer's natural propensity to swell
in a solvent as a stimulus to drive wrinkle formation. Specifically, we develop a Responsive
Surface-wrinkled Adhesive (RSA) that changes wrinkle morphology as it swells in water.
By interfacing this RSA material with a gelatin-based hydrogel, we show that interfacial
adhesion can be controlled with contact time to the hydrogel surface. We illustrate that the
primary mechanism of adhesion is associated with the topographical evolution of the
wrinkled surface with contact time, which locally pins the crack propagation pathway as the
RSA releases from the hydrogel. This approach is interesting as it takes advantage of a
dynamic topographic surface to control adhesion.

EXPERIMENTAL

Materials

RSA films and probes were synthesized via photopolymerization by using a formulation of
74 wt % polyethylene glycol methyl ether acrylate, 24 wt % acrylic acid, and 2 wt %
polyethylene glycol dimethacrylate (Sigma-Aldrich, St. Louis, MO), and 1 wt % Irgacure™
819 photoinitator (Ciba Specialty Chemicals, Tarrytown, NY). To fabricate the RSA
hemispheres, the solution was deposited into a crosslinked dimethyl siloxane hemispherical
mold and then covered with a glass substrate. The sample was then irradiated with UV (A =
365 nm, intensity = 20 mW/cm?2) for 4 min, demolded and then used without additional
processing. Gelatin was used as the hydrogel material. The gelatin films were fabricated by
mixing 12.5 wt % Bloom 225 (Sigma-Aldrich, St. Louis, MO) with 81.5 wt % hot deionized
water. A 1 mL solution was deposited onto 2.54 cm? glass substrates and used immediately
to minimize drying of the films.

Optical Profilometry

The wrinkle amplitude at the maximum wavelength was determined using a Zygo
NewVIEW 6000 3D optical inter-ferrometer (Mirau 50x objective, Zygo Corporation,
Middle-field, CT). Due to the difficulty in measuring the amplitude through a water
medium, we measured the long time (at 10 min. swelling) amplitude by removing the excess
water on the wrinkled surface and immediately measuring the amplitude.

Contact Adhesion Testing

Contact adhesion testing was used to measure the adhesion between the RSA and gelatin
interface. Briefly, the test involves forming an interface between the RSA and gelatin,
followed by subsequent separation of the interface. The test begins by bringing the RSA
probe, with a 5 mm radius of curvature, into contact with the gelatin surface at a fixed
displacement rate of 1.5 um/s. After reaching the maximum compressive load of 2 mN, the
probe is retracted from the gelatin to separate the interface at the same displacement rate.
For the contact time studies, the probe was compressed at this load for the defined contact
time. Then, the probe was retracted to cause separation at the same displacement rate. The
contact times investigated were 0, 60, 120, 300, and 600 s. The load is monitored by a force
transducer (Honeywell Sensotec, Columbus, OH) while the displacement is controlled by a
nanopositioner (Burleigh Instruments IW-820, Exfo Burleigh Products Group, Victor, NY).
The contact areas were recorded by an inverted optical microscope (2.5% objective, Nikon
Instruments, Melville, NY). All the data were recorded via a custom-developed National
Instruments Lab-VIEW® software.
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Figure 1 demonstrates the dynamic change of the RSA when exposed to water. Within 5 sec
of water exposure, the surface of the initially smooth RSA respond immediately by
developing well-defined surface wrinkles [Fig. 1(a)]. These patterns are stable, as long as
the surface remains hydrated, and persist over the entire swelling period. Additionally, the
wavelength evolves with swelling time [Fig. 1(a,b)], with an initial wavelength of ~80 um
and a final value of ~540 um. The wavelength measurements were determined by averaging
the center-to-center distance between two adjacent wrinkles from the optical micrographs
for five wrinkles to determine an average value. From optical profilometry, the amplitude is
~42 um when the wavelength reaches its upper value. Beyond 5 min, the wavelength
stabilizes to this upper value [Fig. 1(b)]. Upon drying, we observe the disappearance of the
wrinkles and reappearance of the original smooth surface. This response can be cycled
simply by the swelling/de-swelling process.

Solvent-induced wrinkling has been observed in a variety of materials and is associated with
the competition between osmotic pressure and lateral confinement [Fig. 1(c,d)].”~
9,13,14,16,17 \Water absorption causes swelling of the free surface of the RSA. However,
lateral expansion is constrained by the rigid substrate. This nonuniform swelling leads to a
net compressive force developing at the free surface of the RSA and subsequent formation
of surface wrinkles. Similar to other materials, the wavelength grows with swelling time and
is determined by the relative thicknesses of the swollen and unswollen layers of the film.

Next, we measure the adhesion of the RSA in contact with the gelatin surface [Fig. 2(a)]. A
representative force-time history of the contact adhesion test is presented in Figure 2(b). The
contact area grows laterally as the RSA probe is compressed into the gelatin until the
maximum compressive force is reached. At this point, the interface is allowed to dwell for a
predetermined contact time. Then, the probe retracts from the gelatin surface until the entire
interface separates. We use the maximum tensile force (Ps) to compare the different testing
conditions [Fig. 2(c)].

Figure 2(b) shows that the RSA-gelatin interface develops surface wrinkles with a similar
morphology as shown in Figure 1. This result is observed in all the materials and suggests
that the RSA is wrinkling primarily due to water absorption from the gelatin. Additionally,
the wrinkle morphology evolves during the testing time, which again is consistent with
results in Figure 1. To understand the contributions of dynamic surface wrinkles to
interfacial adhesion, we perform a series of adhesion tests with different contact times. We
select 600 s as the longest contact time based on the time required for the surface wrinkles to
stabilize as observed in Figure 1(b). Figures 3(a) summarizes Ps and P , as a function of
contact time. For comparison purposes, we use the normalized separation load (Ps ) to
evaluate relative enhancement in adhesion. This normalized load is obtained by taking the
ratio of Py at time =t to Pg at time = 0 s. When comparing the longest contact time against
the shortest, we find that adhesion is enhanced by >50%. For the highest enhancement
observed, we find that the separation strength, defined as the separation force normalized by
the contact area, 2.7 x 103 N/mZ.

DISCUSSION

Adhesion enhancement with contact time, or “tack”, is one mechanism of interfacial control
for dry pressure-sensitive adhesives (PSA). The mobile polymer chains of the PSA facilitate
viscous flow, thus improving true interfacial contact with a rough surface. Similarly, we
consider this chain diffusion process across the RSA-gelatin interface as a possible
mechanism of enhanced adhesion. In general, the time-scale when “tack” improves is
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defined by the Rouse time (t) of the polymer chains.18 For typically PSAs, 1. ~ 1 5,18 while
in gelatin, e ~ 0.01 5.19 These relaxation times are significantly shorter than the contact
times investigated, thus suggesting that “tack” is probably not a primary mechanism of
adhesion for our materials.

To identify a possible mechanism for enhancement; we consider the separation process at
P.. First, we consider a simpler separation process observed for typical PSAs. We choose
crosslinked polydimethyl siloxane (pdms) as the smooth adhesive and visualize the
separation process as it interacts with the gelatin surface. Here, the separation initiates at the
periphery of the pdms-gelatin interface, and proceeds through a smooth and continuous
crack propagation process [Fig. 4(a)]. In this case, the contact perimeter, or line (Lg), is a key
geometric length-scale in defining the maximum force required for separation (Ps),

Ps=c-(G L) (1)

where ¢ is a geometric constant.2% The interesting result of this relationship is that it is
independent of the elastic modulus and contact area of the interface. Based on this
relationship, for an interface with a constant value of G, P4 can be tuned by changing the
total contact line. Lg is increased to enhance adhesion and decreased to improve release. This
contact line control is a widely-utilized strategy for patterned adhesives.3:17:21-25

The surface wrinkles define a complex topological interface that enhances the total contact
line at separation [Fig. 4(b)]. Unlike the separation process of the pdms-gelatin system
characterized by the smooth crack propagation, the separation for the RSA-gelatin system
occurs through a discontinuous crack initiation-propagation process. As the crack front
traverses along the wrinkled interface, the wrinkled topography disrupts crack propagation
by locally pinning the contact line from separating smoothly. In other words, the crack front,
which is defined by the line length of the roughness, must reinitiate interfacial separation
when it encounters a wrinkle. This leads to a lengthening of Lg and overall enhancement in
Ps. To understand the effects of contact time with contact line, we relate the normalized
contact line at separation (Ls ) to contact time [Fig. 4(c)]. The normalized contact line is
defined as the ratio of the Lg at contact time =t to L at contact time = 0's (Ls , = Ls ¢/Ls t=0)-
While previous work has demonstrated that the wrinkle wavelength is the primary length-
scale of control,17 our results here suggest that both the wrinkle wavelength and amplitude
contribute to the greater resistance for crack propagation by lengthening Lg, which enhances
Ps. As an assessment of the relative changes in G with contact time, we take the ratio of
Ps.n to Lg by using eq 2:

Ps.n o Gc.t
Ls.n Gc.i:O (2)

From Figure 4(d), we find that Pg /L , is nearly contact time independent and suggests that
the adhesion energy is a constant value. While further studies are needed to understand the
effects of wrinkle amplitude and wavelength on the local separation process of dynamic
wrinkled surface, our results illustrate the importance of local contact geometry on the
adhesion of soft materials.

CONCLUSION

This work presents an alternative approach for tailoring adhesion by strengthening
interfacial contact through dynamic surface morphology. The primary advantage lies in the
application of the approach to a broad range of materials. Because it relies on improving
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interfacial strength through dynamic change in surface morphology, it is amenable to
different materials with a variety of surface chemistries. We envision this mechanism of
adhesion will inspire alternative approaches to the future development of biomedical tape-
based adhesives since these materials require interfacing with hydrated, compliant materials
such as soft tissues.
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FIGURE 1.

(a) Formation of surface wrinkles and their dynamic evolution with swelling time in water.
(b) Increase in wavelength (1) versus swelling time. (c) Schematic of the increase in
wavelength and amplitude with swelling time. (d) Mechanism of the wrinkle formation.
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FIGURE 2.

(a) Contact adhesion test for the RSA hemisphere with the gelatin surface. (b) The optical
micrographs describe the interfacial contact history of a representative sample illustrating
the formation and separation of a wrinkled interface. The area within the enclosed circle is
the region in contact, demonstrating the formation of surface wrinkles. Outside this contact
area, only the RSA lens develops surface wrinkles as evidenced by the out-of-focus surface
wrinkles. (c) Force-time history of the adhesion test.
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FIGURE 3.
(a) Ps and P , versus contact time for the RSA-gelatin. (b) Changes in wavelength at Pg (As)
versus contact time.
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FIGURE 4.

(a) Separation of the pdms-gelatin interface. (b) Separation of the RSA-gelatin interface. (c)
Ls n versus contact time for the RSA-gelatin system at Ps. (d) Ratio of Ps and Lg, as a
function of contact time.
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