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The ability to control adhesion is critical in various technologies including wearable electronics, pressure

sensitive adhesives, and robotic systems. Biomimetic fibrillar structures, random surface roughness, and
chemical surface treatments have been employed to modify the adhesion energy of materials used in
these applications. However, polymer thin film dewetting has not been investigated as a surface
modification tool to control adhesion. In this work, polystyrene thin films are thermally annealed on a
polydimethylsiloxane substrate, causing them to dewet and form stiff, microscopic asperities on the soft
substrate. The size of the asperities increases with increasing pre-annealing film thickness. Adhesion is
quantified by flat-punch normal indentation testing. The largest asperities exhibited a decrease in
adhesion to below the sensitivity of the instrument. More interestingly, the surfaces covered with the
smallest asperities displayed a pressure-dependent adhesive response. By increasing the normal
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compressive stress applied prior to separation, the total debonding energy increased monotonically on
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1. Introduction
1.1 Adhesion control via surface topography

The adhesive response of surfaces can be controlled by altering
a material’s surface topography; this tuneability is important in
applications like soft robotics and pick-and-place microelec-
tronics handling. Various patterning techniques such as micro-
contact printing, photolithography,"? plasma deposition,* and
inkjet printing® have been used to alter surface properties.
While these techniques are common, there are several disad-
vantages that can hinder industrial scaleup. For example,
several complicated processing steps or costly equipment are
often required to produce these patterns. One solution that
addresses these problems is polymer thin film dewetting which
quickly produces small scale roughness over large surface areas
with minimal processing.”®

It has long been observed that, for the same material, a
rough surface will exhibit a different adhesive response com-
pared to a smooth surface. By changing the topography of a
surface, its adhesion strength can be altered.” Surface rough-
ness can be random, where asperity size varies over several
length scales, or ordered, where patterned surface features have
a uniform geometry and size. Random surfaces are often
characterized by surface roughness parameters such as center
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the smallest asperity-covered surfaces.

line average,” lateral correlation length,® root-mean-square,’
and power spectral density®'°™** while ordered surfaces are
often characterized by the average dimensions of surface
features like wrinkle amplitude or wavelength,"®'* fibrillar post
height or diameter,'® and asperity spacing.'® Adhesion can be
enhanced or reduced by both random and ordered surface
roughness depending on the modulus of the substrate and size
of the asperities.’” >’

Most surfaces are not perfectly flat; they are likely textured
with peaks and troughs that make them rough. Surfaces with
asperity sizes varying over multiple length scales are defined as
randomly rough. While there appears to be total contact at the
macroscopic length scale (apparent contact), magnification of
the contact line reveals that contact often only occurs at the
peaks of each asperity, significantly reducing the actual amount
of interfacial contact (true contact). True contact is dependent
on the modulus and degree of roughness of the adhered
materials. Increasing asperity height or the distribution of
asperity heights inhibits full contact as the material surface
must deform more to contact the troughs between asperity
peaks.?' Alternatively, decreasing the modulus of a soft solid
enhances contact formation as it is easier to deform.*> While
randomly rough surfaces are often associated with decreased
adhesion relative to an analogous smooth interface, Fuller and
Robert’s experiments of smooth rubber spheres of various
moduli rolling on roughened Perspex showed that enhanced
adhesion can be achieved for low moduli and nano-scale sur-
face roughness due to fast stress relaxation times allowing the
rubber to conform to the rough surface and increase interfacial
contact area.'® More recently, surface roughness of biomedical
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implants have been manipulated to increase soft, biological
tissue adhesion to the devices.>*>*

In contrast to random roughness, surfaces can be fabricated
with control of surface features to have ordered roughness.
Patterned surfaces have an ordered roughness that can affect
adhesion strength. Wrinkles,"*"*?%72 fibrillar posts,'>*°>' and
pancakes®> are similar in that they have a discrete, repeating
topological pattern. These patterned surfaces have been shown
to significantly impact adhesion. For instance, low amplitudes
and wavelengths have been shown to enhance adhesion,
while high amplitude and wavelength wrinkles have led to a
reduction in adhesion."* Chan et al. posited that this enhanced
adhesion was due to increased contact line as opposed to
contact area."?

Biomimetic structures, specifically fibrillar posts that repli-
cate gecko setae, can greatly enhance adhesion relative to
smooth, continuous surfaces of the same material®® and have
even displayed switchable adhesion due to buckling.** While
these patterned surfaces have been shown to alter the adhesion
of soft materials, they are often difficult or expensive to
fabricate over large surface areas.™

1.2 Thin film dewetting

In the present study, dewetted polymer asperities on an elas-
tomeric substrate are employed to tune adhesion. Polymer thin
film dewetting is a phenomenon that arises from surface
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energy differences between a polymer thin film and substrate.
By thermally annealing this bilayer system above the glass
transition temperature of the polymer, the film will dewet from
the substrate to form droplets with characteristic sizes and
spacings. The droplets solidify to form axisymmetric, spherical
cap-shaped asperities on the substrate surface upon quench-
ing. Fig. 1(a) displays a schematic of the dewetting process.

The mechanism and physics behind polymer thin film
dewetting was first studied by Gunter Reiter, who characterized
the resulting patterns.>**”*® This complex phenomenon is not
only influenced by intermolecular forces but is also affected by
the viscoelastic properties of the polymer thin film, the fluid
dynamics at the film/substrate interface, and the surface energy
of the substrate, all of which affect the resulting dewetting
patterns.

Reiter observed a power law relationship between asperity
diameter and film thickness.” Subsequent works investigated
rupture and various dewetting mechanisms as well as dewet-
ting pattern formation.>**° The ability to control dewetting
patterns utilizing heterogeneous substrates and chemically
patterned substrates has also been rigorously studied in the
past and has been shown to be an effective strategy.*'**

Dewetting of polymer thin films begin through three rupture
mechanisms that initiate the dewetting process—spinodal
decomposition, heterogeneous nucleation, and homogeneous
(thermal) nucleation.** Dewetting mechanisms vary depending
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Fig. 1 Dewetted asperity formation on PDMS surfaces. (a) Schematic of the dewetting process. PS asperities are formed by annealing a thin film on a
substrate with a dissimilar surface energy over an extended period of time. The side view depicts the control variable, film thickness t, and variables that
characterize the asperity pattern: asperity spacing, [, asperity diameter, d, and asperity height, h. (b) Optical micrographs of PS thin film dewetting from a
PDMS substrate with time. As film thickness increases, [, d, and h also increase. The red dashed line signifies when full dewetting has occurred. Thinner
films dewet more quickly than thicker films. The scale bar is 100 pm and applies to all images.
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on film thickness. Spinodal dewetting occurs for unstable
films, which are usually thinner than 100 nm.*> In spinodal
dewetting, van der Waals forces dominate, and holes are
initiated by Laplace and disjoining pressures.*® This type of
nucleation leads to a characteristic polygon pattern of aspe-
rities. Homogeneous nucleation, also known as thermal nuclea-
tion, requires external energy provided by thermal energy while
heterogeneous nucleation relies on external contaminates such
as particles, dust asperities or some other defect to act as a
nucleation site for dewetting.** Film thickness also plays a part
in the resulting asperity formation pattern. Once a hole is
initiated, it will continue to grow with a dewetting velocity that
depends on a variety of factors including polymer viscosity and
thermal annealing temperatures.*>*® As the holes grow, they
eventually run into each other to form ribbons of polymer that
eventually break up due to Rayleigh-Plateau rim instabilities,*®
forming asperities on the surface. By altering film thickness,
polymer viscosity, and surface energy differences between the
substrate and polymer, the resulting asperity diameter, height,
and areal density vary.

Little research has been performed utilizing polymer
thin film dewetting to directly pattern flexible, elastomeric
substrates. Past research has focused on utilizing silicon
wafers coated with a hydrophobic coating. Han et al. concur-
rently utilized wrinkling and dewetting mechanics to precisely
pattern an elastomeric substrate’” and Song et al utilized
poly(dimethyl siloxane) as a substrate and a liquid crystalline
polymer as the film.*®

In the present work, we explore the use of polymer (polystyr-
ene) thin film dewetting on an elastic substrate (poly(dimethyl
siloxane)) to create patterned surfaces with the intent of altering
the substrate adhesion to develop a pressure tunable adhesive
(PTA). We first characterize the surface topography followed by an
in depth study of the adhesion of the substrate to a rigid surface
observed by flat-punch indentation normal contact adhesion
experiments.” We show that the size scale of the dewetted
asperities on the silicone surface has a dramatic impact on the
adhesive response of the interface. More interestingly, we observe
a monotonic pressure-dependent adhesive response for the smal-
ler asperities where higher compressive loads prior to debonding
result in greater separation forces.

2. Experimental methods and
materials

To investigate dewetted thin films for adhesion modification,
substrates were prepared by thermally annealing a glassy thin
film to initiate dewetting from a silicone elastomer surface.
Normal contact adhesion experiments were then performed.

2.1 Dewetted asperity surface preparation

Silicone substrate fabrication. Crosslinked substrates of a
thermosetting elastomer, poly(dimethyl siloxane) (PDMS), were
used as the substrate. A 5 to 1 by mass mixing ratio of base to
curing agent (Dow Sylgard 184) was degassed in a vacuum oven

This journal is © The Royal Society of Chemistry 2021
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at 25 °C for 10 min. The degassed mixture was poured into
a 3 mm deep mold with lateral dimensions of 50 mm by 75 mm
and then cured at 120 °C for 5 h. A silicon wafer formed the
bottom of the mold to reduce surface roughness. The bulk
PDMS was cut into 33 mm by 33 mm squares.

Thin glassy film application to substrate. Glassy polymer
thin films of atactic polystyrene (PS) (Polymer Source, Inc.,
MW = 105.5 kg mol™', PDI = 1.05) were prepared by spin
coating. Film thickness was controlled through the polymer
solution concentration (1 wt%, 2 wt%, and 3 wt% PS in toluene,
Sigma). Solutions were spin coated onto oxygen plasma-treated
silicon wafers (GLOW Research GLOW Plasma System). PS film
thickness was measured by interferometry (Filmetrics F20-UV).
The films were cut into 25 mm by 25 mm squares. To transfer
the PS film, a PDMS square was gently placed on top of the
wafer, with care taken to ensure that the cut film section was
centered on the PDMS substrate. The wafer and attached PDMS
were then submerged in a bath of distilled water and the PDMS
substrate was gently separated from the wafer with the PS thin
film attached to the PDMS substrate.

Thin film dewetting. PTAs were fabricated by thin film
dewetting of the PS thin films from the PDMS substrates. To
promote dewetting of the thin films, samples were annealed in
a vacuum oven at 165 °C and 762 mm Hg. The samples were
removed from the oven at various times throughout this
process for imaging and then returned to the oven until the
thin film was fully dewetted. A laser scanning confocal micro-
scope (Leica SP8) was utilized for imaging lateral size and
spacing of the dewetted asperities. Optical profilometry (Zygo
NewView 8300) was used to obtain non-contact measurements
of asperity heights (and confirm lateral measurements). The
smallest asperities were also characterized with atomic force
microscopy (AFM, Veeco Dimension 3100).

2.2 Pressure tunable adhesive surface characterization

As noted previously, substrate topography can significantly impact
adhesion. Therefore, analyzing the size, shape, and spatial dis-
tribution of dewetted asperities is essential for understanding and
predicting adhesion of these rough surfaces. The asperity height,
diameter, and spacing were measured to determine the relation-
ship of asperity geometry with film thickness, t.

The final asperity shape varies with ¢. As film thickness
increases, asperity height also increases. PTA fabrication using
film thicknesses of ¢t = 55 nm, ¢t = 97 nm, and ¢ = 169 nm yield
average asperity heights of 2 =0.5 + 0.1 pm, 2 = 1.6 £ 0.5 um,
and & = 2.9 + 0.9 pm respectively; this surface topography is
shown in Fig. 2(a). All samples have varying asperity heights
that are likely the result of heterogeneous nucleation due to
thermally-induced wrinkles (seen in images (i), (vii), and (xiii) of
Fig. 1(b)), defects in the film, or contaminants such as dust on the
substrate that serve as nucleation sites for dewetting.***” The
standard distribution in asperity height increases with increasing
film thickness, most likely due to fingering instabilities. Fingering
instabilities as seen for the ¢ = 97 nm and ¢ = 169 nm films in
images (ix), (xvi), and (xvii) of Fig. 1(b) have been shown to lead to
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Fig. 2 (a) Optical profilometry images of the dewetted PS asperities.
(b) Feret diameter, d and asperity spacing, [, as a function of film thickness,
t. The error bars represent one standard deviation. (c) Asperity height, h, as
a function of d. Note that the scales in (b) and (c) are logarithmic. Filled
symbols represent data collected by optical profilometry and open sym-
bols represent data collected by AFM. The sample size used for each
asperity size in plots (b) and (c) is n > 75.

varying asperity sizes due to irregularities or “flower-like” rim
formations during the dewetting process.>

The asperity diameter, d, is determined by measuring the
longest distance between two points on the PDMS-asperity
contact perimeter; this is known as the Feret diameter.
Fig. 2(b) displays the relationship between d and ¢, showing
that d also increases with film thickness (d ~ ¢*7°). Addition-
ally, Fig. 2(c) displays % as a function of d and has a power law
relationship between asperity height and diameter, 2 ~ d*,
where x is approximately 1.1 (indicating that asperities of
various sizes are self-similar). The average asperity aspect ratio
(h/d) is 0.24 + 0.4.

As shown for the individual asperity geometry, the lateral
spacing of the asperities also depends on the initial film
thickness. Asperity spacing, /, is taken as the center-to-center
distance between neighboring asperities in the characteristic
polygonal asperity pattern. Smaller satellite asperities are
accounted for by determining the distance from each asperity
to the two nearest neighbors. Fig. 2(b) shows asperity spacing
as a function of film thickness. As film thickness increases,
asperity spacing increases as [ ~ t*°. Due to the lateral
resolution limits of the optical profilometer (OP) used to
characterize asperity diameters, atomic force microscopy
(AFM) scans were obtained on the smallest asperity PTA sur-
faces to confirm the average asperity dimensions. While the OP
height measurements were in good agreement with the AFM-
determined asperity heights, the asperity diameters were

866 | Soft Matter, 2021,17, 863-869
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dramatically different than those measured with OP. Open sym-
bols plotted in Fig. 2(b and c) signify data collected by AFM. AFM
images for ¢ = 55 nm samples are provided in the ESL}

By altering film thickness and utilizing our understanding
of polymer thin film dewetting physics, the resulting asperity
geometry can be tuned, facilitating control over the topography
of the substrate. This tunable asperity size and spacing can
subsequently be utilized to alter the surface properties and
geometry of the substrate to create a pressure tunable adhesive.

2.3 Contact adhesion testing apparatus

The contact adhesion tester (CAT) is a custom-built indentation
device that vertically translates a probe towards and away from
a substrate mounted over an optical microscope. This design
allows the simultaneous measurement of the displacement,
load, and interfacial contact images over the course of each
experiment. The CAT is equipped with a linearly encoded
actuator (PI N-381 NEXACT), a load cell with a 100 g capacity
(Futek LSB200 S-Beam), and an uncoated aluminosilicate
cylindrical flat punch probe (¢ = 0.5 mm, Edmund Optics)
attached in series as shown in Fig. 3(a). The probe approaches
the sample surface at a rate of 1 pm s
contact, indents the surface until a specified maximum com-
pressive load, P, is reached, and finally retracts until full
separation of the probe and sample occurs. The device is
positioned over an optical microscope (Leica DMi8) to monitor
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Fig. 3 (a) Schematic of contact adhesion testing device used for indenta-
tion testing. (b) Normal contact adhesion testing data for various asperity
sizes compressed to P, = 100 mN. The inset shows the tensile portion of
each curve. Only the data for the smallest asperity size is visible as the two
larger asperity sizes exhibited no measurable adhesive response. (c) Con-
tact images at various loads for three different asperity sizes. PDMS—probe
interfacial contact (darkest regions) decreases as asperity height increases
and contact with the PDMS substrate at separation is only observed for the
smallest asperity size. The scale bar is 250 pm.
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the interfacial contact during testing. Fig. 3(b) displays repre-
sentative experimental load values as a function of applied
displacement for three different asperity sizes. Here, P,, of
100 mN was used for each test. Negative load and displacement
values are compressive and positive values are associated with
tensile or adhesive loads and vertical positions above the
neutral plane of the substrate surface.

3. PTA adhesion results and discussion
3.1 Normal contact adhesion testing

By using a flat punch indenter, or ‘“probe”, to perform indenta-
tion testing, the energy of debonding between the probe and
substrate can readily be determined. In flat punch indentation
experiments, a probe is vertically displaced into the substrate
until the desired compression of the substrate is achieved and
then retracted until separation occurs. Throughout the course
of each test, the displacement of the probe is controlled and the
normal force acting on the probe is measured. Separation of the
probe and substrate occurs when the energy of debonding,
Uqeb, Tequired to separate the two surfaces is equivalent to the
stored elastic deformation energy, Uger.” Therefore, since Uger
and Ugep are equivalent, Uqe, may be found by integrating the
tensile or adhesive portion of the load versus displacement
curve, [Pdé (shaded gray in Fig. 3(b)). An apparent work of
debonding, Wgep, is found by normalizing Ugep, by the projected
contact area so that

Waeo =<3 @)
where a is the radius of the probe.

3.2 Pressure tunability

Conventional flat punch adhesion tests between two smooth
surfaces exhibit full, nearly instantaneous, interfacial contact
formation upon approach and rapid, unstable interfacial fail-
ure and subsequent separation during retraction. The mecha-
nism by which the probe contacts dewetted PS-PDMS surfaces
is quite different. The probe initially contacts the tops of the
largest PS asperities on the PDMS surface across the entire
projected area of the probe face. Instead of deforming, the
glassy polymer asperities are pushed into the more compliant
elastomeric substrate as the displacement of the probe con-
tinues to indent the surface. Eventually, the asperities are
pushed far enough into the PDMS sample for the probe to
contact the exposed, dewetted areas of the PDMS surface
surrounding the rigid asperities. Contact between the probe
and PDMS occurs first around the outer perimeter of the
circular probe face, and as the applied compressive load
increases further, this interfacial contact area grows radially
inward as seen in Fig. 3(c). Boussinesq’s solution for the
pressure distribution under a flat punch during compression
can be used to understand this phenomenon as the pressure is
known to be highest at the edge of the contact and lowest at
the center for an axisymmetric cylinder indenting an elastic
halfspace.*
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The size of the asperities affects the debonding energy
required to separate the probe from the PTA. There is a marked
decrease in Wy, with increasing asperity size, as shown in
Fig. 3(b). For the smallest asperity size (A = 0.5 pm), the sample
undergoes tensile deformation due to adhesive forces between
the probe and PDMS that keep the interface intact as the
probe retracts from the surface. Once a critical pull-off load,
P, is reached, separation occurs. However, the intermediate
(h = 1.6 pm) and largest (7 = 2.9 um) asperity size PTAs do not
display similar adhesive responses. Representative contact
videos for each of the adhesion tests shown in Fig. 3 are
provided in the ESLf Increasingly larger asperity sizes must
be displaced deeper into the PDMS substrate in order to achieve
PDMS-probe interfacial contact. Therefore, larger asperities
have greater localized stresses at the perimeter of each asperity
where localized separation can initiate.

For a more complete analysis of the patterned substrates,
multiple adhesion tests were performed on each surface,
varying P, Fig. 4(a) displays the load versus displacement
curves for indentation tests on the smallest asperity size sample
(2 = 0.5 um) at each compressive load. The areal density, p,, of
asperities within the projected contact area is 0.33. The
pressure-dependent adhesive response is shown by the increas-
ing tensile responses of the curves where a higher P, was
applied. As P, increases, P. also increases, indicating that a
greater work of debonding is required to separate the materials.
From the images in Fig. 4(b), it is evident that as P,, increases,
the maximum PDMS-probe interfacial contact, grows. Hence,
pressure tunability is controlled by changes in the amount
of interfacial contact that was initially formed. The work of
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Fig. 4 Load-displacement curves for indentation tests performed on
h = 0.5 pm asperity size samples at various P, (a) and the respective
images of PDMS-probe interfacial contact at P, (b) for surfaces with
pa ~ 0.33 (similar plots and respective contact images for pp ~ 0.41
are presented in the ESI}). Increasing applied loads results in increased
interfacial contact apparent full contact is achieved at 150 mN. The scale
bar is 250 um and applies to all images.
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debonding for an identical cylindrical probe in contact with
smooth, uncoated PDMS is 32 mJ] m~> and independent of Py,.
The presence of PS asperities on the surface results in a reduction
in Wyep ranging from 72% to 98% depending on the pre-load.

Interestingly, it was shown that probing a surface with a
different areal density of asperities, pa, while holding the asperity
size distribution constant, alters the adhesive response. Fig. 5(a
and b) present magnified adhesion curves during adhesive
deformation of surfaces of the smallest asperity size (4 = 0.5 um)
and with a p, of 0.33 and 0.41, respectively. It is evident from
the presented data that a larger p, results in a decreased
adhesive response (Fig. 5(c)). Upon compression, the dewetted
PS asperities are pushed into the PDMS substrate, forming a
circumferential depression around each asperity where there is
no contact between the probe and any part of the PTA material.
The size of the depression is dependent on the size of the
asperity and applied load. These depressions are essentially
cracks where debonding can initiate. For a region of interest
with a higher p,, there will be more of these cracks and more
regions of localized stress that can aid in separation. Still, the
pressure tunability, taken as the slope of Wy}, as a function of
P, in Fig. 5(c), is unchanged as p, differs. Therefore, the
absolute value of Wy, is dependent on the applied load and
pa while the pressure tunability is independent of p, for a given
asperity size. These results show that multiple adhesive
responses can be achieved for a single material by application
of rigid, axisymmetric surface asperities, and further control is
attainable by changing the areal density of the asperities. From
this information, a range of surface topographies can be
fabricated with various bilayer material systems to design and
obtain a desired PTA response.

4. Conclusion

In this work, the surface of a bulk elastomer, poly(dimethyl
siloxane), was patterned by thermally annealing and dewetting
a glassy polymer thin film to form rigid, microscopic asperities

868 | Soft Matter, 2021, 17, 863-869

of polystyrene. Several trends were observed relating the initial
film thickness to asperity geometry, enabling control of the size
scale of the surface roughness. These dewetted asperities
resulted in altered adhesive behavior. A total loss in adhesion
strength was observed for the intermediate and largest asperity
sizes. However, for the smallest asperity sizes, the separation
strength increased with increasing compressive load. This
“pressure-tunable” adhesive response is a significant observa-
tion in normal contact adhesion science and opens the door for
the development of advanced adhesive systems with several
levels of adhesive performance attainable with the same sur-
face. For precisely controlled “pick and place” manufacturing
applications, the observations presented in this work could
form the basis for a new generation of specialty adhesives.
Future work will further explore the tuneability of these PTAs
and investigate the scaling of P. with Py, for various surface
pattern types. Additionally, the microscopic mechanisms gov-
erning the contact formation and separation around individual
asperities will be investigated to understand the underlying
mechanics that lead to this unique interfacial behavior.
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