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A surface of a thin viscoelastic film forms spinodal patterns when brought in contact
proximity of another surface due to the dominance of destabilizing intermolecular
interaction over the stabilizing elastic and surface tension forces. In this study, we
theoretically explore such contact instabilities of a thin viscoelastic film, wherein the
patterns generated on the surface of the film is developed with the help of a contactor
decorated with periodic physical, chemical, and physicochemical features on the surface.
The nonlinear analysis shown here considers the movement of the patterned contactor during
the adhesion and debonding processes, which is unlike most of the previous works where
the contactor is considered to be stationary. The simulations reveal that the amplitude and
periodicity of the patterns decorated on the contactor together with the contactor speed can
be the key parameters to stimulate pattern formation on the film surface alongside causing
changeover of the various modes of debonding of the surfaces. In particular, the ratio of
the elastic to viscous compliances of the film is found to play a critical role to stimulate the
changeover of the modes from catastrophic to peeling or coalescence. The study uncovers
that a higher wettability contrast across the patterned contactor leads to the catastrophic
collapse of the patterns decorated on the film surface when the contactor debonds at
a moderate speed. In comparison, a moderately high wettability contrast alongside a
faster withdrawal speed of the contactor results in the gradual peeling of columns during
the debonding cycle. Remarkably, a higher withdrawal speed of the contactor from the
film-proximity can increase the aspect ratio of the patterns fabricated on the film surface to
about fourfold during the peeling mode of debonding. The results show the importance of
the usage of patterned contactors, their controlled movement, and extent of elastic to viscous
compliance ratio of the film for the improvement of the aspect ratio of the patterns developed
using the elastic contact lithography of the thin viscoelastic films. The simulations also
reveal the possibilities of the fabrication of biomimetic micro- or nanostructures such
as columns, holes, cavities, or a combination of these patterns with large-area ordering
employing the patterned contactors. A few example cases are shown to highlight the capacity
of the proposed methodology for the fabrication of higher aspect ratio hierarchical micro- or
nanostructures.

DOI: 10.1103/PhysRevFluids.2.124004

I. INTRODUCTION

Mesoscale surface patterns with large-area ordering offer remarkably high surface-to-volume
ratio useful for diverse modern-day applications, such as solar or fuel cells [1], pressure
sensitive adhesives [2–11], electronic devices [12], microfluidic applications [13,14], optoelectronics
[15], artificial tissues [16], energy harvesting and storage [17,18], superhydrophobic [19,20], or
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self-cleaning surfaces [21,22]. Thus, in the past few decades, a number of top-down or bottom-up
micro- or nanofabrication techniques have been invented for the large-scale manufacturing of
patterned surfaces [23–25]. In this regard, of late, the self-organizing elastic contact lithography
(ECL) is found to be a simple and cost-effective alternative for fabricating micro- or nanoscale
patterns on the soft polymeric films [26–37]. The ECL exploits the contact instabilities of the
thin films originating from the intersurface adhesive interaction between a soft polymeric surface
and a rigid approaching contactor to generate patterns. Presently, the major challenges of the
commercial viability of the ECL have been the development of high-density patterns with higher
aspect ratio [31,38]. The studies on the ECL are also scientifically important because they are
the model prototypes to study adhesion-debonding [39,40], tack experiments [5,41], heterogeneous
nucleation [42,43], confinement-effects [4,5,7], and crack propagation [5]. Recent experimental
[40,44,45] and theoretical [46,47] works reveal that the use of patterned contactor helps in imposing
a large area ordering to the surface patterns developed by ECL. In this direction, an extensive
exploration is in progress to identify the pathways to develop high-density and high-aspect-ratio
patterns on soft polymeric films employing ECL.

The contact instabilities on the surface of a thin polymeric film manifest when the destabilizing
van der Waals forces originating from the interaction between the contactor and film overcome the
restoring surface tension force at the polymer-air free surface and the bulk elasticity of the film
[34,35]. The length scale (λ) of these instabilities is found to be independent of the characteristics of
the long-range intermolecular interactions. Interestingly, the length scales of the contact instabilities
show a direct linear correspondence with the film thickness (h), λ ∼ nh [34,35], and the short-wave
nature of the instability prevails (n ∼ 3) for the films having thicknesses more than a few microns.
In contrast, the length scale of the contact instability shifts towards the longer wavelength regime
(n � 3) owing to the dominance of the surface tension force [38] or elastocapillary effects [48].
Importantly, the contact instabilities can develop varieties of complex surface morphologies with
the very high surface-to-volume ratios, such as the bicontinuous labyrinths, columns, channels,
cavities, droplets, and holes, among others [38,49]. The size and periodicity of these patterns can
easily be modulated by altering the various thermodynamic parameters, such as the strength of the
intermolecular interaction or the surface energy [46,50–52]. Further, the kinetic parameters, such as
the approach or withdrawal speed of the contactor, elastic or viscous compliances of the film, and
the strength of the external noise, are also found to play decisive roles while the surface patterns are
formed [52].

A number of recent theoretical [53] and experimental [45] works show the pathways to fabricate
large-area-ordered micro- or nanostructures using the contact instabilities of thin viscoelastic films.
These studies discuss the possible modes of debonding, such as the catastrophic, peeling, or the
coalescence. Further, they have shown the importance of the speed of contactor during approach
and withdrawal, the ratio of the viscous-to-elastic compliance (compliance ratio, CR) of the film,
and patterns decorated on the contactor. A very recent work has shown a threefold increase in the
aspect ratio of the patterns on the soft elastic bilayers when the contact instabilities are engendered
by the physically patterned contactors [45]. However, there are very few studies that address the
issues associated with the improvement in the aspect ratio and density of the patterns originating
from the contact instabilities of thin viscoelastic films.

Herein, with the help of 3D nonlinear long-wave simulations [53–56], we investigate these
issues in detail. We assume that the film to be a linear zero-frequency viscoelastic [53,55,56] solid
with permanent storage and loss moduli. We employ topographically (physically), chemically, or
physicochemically patterned contactors with periodic wettability contrast to develop ordered surface
patterns on the film through variable intersurface adhesive interaction. We also impose a finite speed
to the contactor to mimic the experimental situations associated with the contact instabilities of
thin films under a moving contactor [53]. The results reported in this work confirm that indeed
the spatial variation in the wettability on the contactor can engender transitions from catastrophic
to peeling to coalescence modes of debonding of the film from the contactor. Further, the study
indicates that the contact instabilities guided by a moving patterned contactor have the capacity to
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FIG. 1. Schematic representation of a thin viscoelastic film resting on a flat surface and confined by a
contactor with topographic or chemical heterogeneities. The approach and the withdrawal of the contactor
through the adhesion–debonding cycle are depicted in the images (a) and (b), respectively. During the adhesion
cycle, the free film surface initiates deforming when the contactor attains a critical separation distance of
sc, with a finite velocity of vc. Subsequently, surface patterns develop due to the contact instability and the
contactor is pulled away from the contact vicinity during the debonding cycle. The notations, d , h0, and s0

(=d − h0) denote the distance between the contactor and substrate, the base-state thickness of the film, and air
gap, respectively. The variable local thickness of the film and the air gap is denoted by h(x,y,t) and s(x,y,t)
(=d − h(x,y,t)). The height and the width of the topographic (chemical) patterns of the contactor are denoted
by hp and lp (lc). The patterned contactor is represented as z = d − hpψ(x,y), where ψ(x,y) is the shape
function for physical heterogeneity.

improve the aspect ratio of the patterns by about fourfold than the same obtained by a homogeneous
contactor. Example situations are shown where large area, higher aspect ratio nanostructures are
decorated on the film surface employing the proposed methodology. In addition, the pathways
to fabricate biomimetic prototypes, such as the large-area hierarchical patterns, have also been
demonstrated.

The article is organized in the following manner. Section II contains the details of the governing
equations and the boundary conditions required for the theoretical analysis. Section III summarizes
the derivation of dimensionless nonlinear thin film evolution equations and numerical solution
methodology of the same. The results are discussed and analyzed in detail in Sec. IV before we
conclude by summarizing the key findings in Sec. V.

II. PROBLEM FORMULATION

Figure 1 schematically illustrates the adhesion-debonding cycle of the contact instabilities induced
by the physically and chemically patterned contactors. Images (a) and (b) show the average (h0) and
variable thicknesses (h) of the films, separation distance (d) between the substrate (length l) and the
contactor, the average (s0) and variable (s) air gap between the film and contactor, width of chemical
patch (lc), and the width (lp) and height (hp) of the topographical patterns. The physically patterned
contactor is described by the function, z = d − hp ψ(x,y), where ψ(x,y) is a shape function. Image
(a) shows the adhesion cycle in which the patterned contactor attains the critical separation distance,
sc, while approaching the film free surface with a velocity, vc. The free surface of the viscoelastic
film deforms due to the long-rage attractive van der Waals attraction with the contactor when it
reaches the distance sc from a very long separation distance. After the patterns are formed, the
contactor is withdrawn during the debonding cycle from the film proximity at the same velocity, vc,
as schematically shown in the image (b).

A. Governing equations and boundary conditions

A three-dimensional Cartesian coordinate system (x, y, z) is used where the notations x and
y represent the coordinates parallel to the substrate while the coordinate normal to the substrate
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surface is represented as z, and t represents time. We consider a thin film of zero-frequency linear
viscoelastic soft solid with constant storage and loss moduli. The constitutive relation for such solids
can be defined as [53,55–57],

τ = μ(∇u + ∇uT) + η(∇u̇ + ∇u̇T). (1)

Here the symbols τ , u{u,v,w}, μ, and η are stress tensor, displacement vector, storage modulus
or elasticity, and loss modulus or viscosity of the film, respectively. The bracketed symbols denote
the components of the displacement vector. The constitutive relation mimics the linear combination
of a purely elastic spring and a purely viscous dashpot connected in parallel, which can capture the
stress relaxation behaviors of the cross-linked polymers such as PDMS in the limit of small stress
and small deformations under the influence of the destabilizing van der Waals force [53,55–57]. The
constitutive equation is employed here to qualitatively uncover the morphological evolutions of the
viscoelastic film in the limit of lubrication approximation. Inertial influences are neglected owing
to the thinness of the viscoelastic films because, under the given conditions, the viscous forces are
estimated to dominate over the inertial influences. Further, for the thin films undergoing contact
instabilities, the body forces arising from the van der Waals forces are likely to be much stronger
than the gravitational force.

It may be noted here that the nonlinear simulations shown in the present study are focused on
the nonlinearities associated with the interfacial deformations in absence of the nonlinearities of the
materials due to the large deformations under large stress. For this reason, the linear viscoelastic
constitutive relation Eq. (1) is expected to serve the purpose [53,55–57]. This constitutive relation
has previously been employed to explain the experimental results of polymer surface instabilities
[54,58] or the findings related to the adhesion and debonding of polymers (such as PDMS [59]) with
an approaching contactor [36,45]. In the present study, the results from the nonlinear simulations
show a maximum strain of ∼1.5, while the maximum stress required to obtain such strain is
∼0.05 MPa. This is well within the limit of small-strain small-deformation systems as previously
found in the experiments [7]. The stress-strain curve reported in this study matches with a number
of previously reported experimental works on the soft-adhesives [5,8,60–69]. In fact, in the limit of
lubrication approximation, the governing equations and boundary conditions involving the nonlinear
neo-Hookean constitutive relation [8,70–76] lead to the same thin film equation, as shown in
Sec. III.

The dynamics of such incompressible viscoelastic films can be described by the conservation of
mass and momentum as

∇ · u = 0, (2)

− ∇p + ∇ · τ = 0, (3)

where the pressure term, p(=pf − π ) comprises of the pressure in the solid and the disjoining
pressure pf and π , respectively, and ∇ is the gradient operator. The viscoelastic film is assumed to
be non-slipping on the impermeable substrate-film interface (z = 0),

u = u̇ = 0. (4)

At the film-air interface (z = h(x,y,t)), we enforce the normal and tangential stress balances,
and the kinematic condition as boundary conditions,

n · (−pf I + τ ) · n = −γ κ, (5)

n · τ · t = 0, (6)

ḣ + u̇ · ∇sh = ẇ. (7)

In these expressions, the overdots denote differentiation with respect to time, ∇s(=(I − nn) · ∇)
is surface gradient operator, and I is identity tensor. The unit outward normal (n) and tangential (t)
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vectors are defined as, n = {∇(z − h)/|∇(z − h)|} and n · t = 0, respectively. The symbol γ denotes
the surface tension. The curvature of the free surface is defined as, κ = ∇s · n.

The disjoining pressure arising from the van der Waals interactions between the film, substrate,
and contactor is defined as

π = −∂	G

∂h
= A1

6π (d − hpψ − h)3 − A2

6πh3
− 3B

(d − hpψ − h)4 , (8)

where 	G represents the Gibbs free energy [49]. The effective Hamaker constants (Ai) are obtained
from the binary Hamaker constants as A1 = ACF and A2 = AFF − ASF , where the subscripted
notations S, C, and F represent the substrate, contactor, and film, respectively. The free surface
of the film is deforming because of the intermolecular interaction between the contactor and the
film through the air gap of (d − hpψ − h), when the effective Hamaker constant, A1 > 0 [49,53].
We consider the viscoelastic film to be wetting the substrate leading to the Hamaker constant,
A2, to be less than zero. The shape function ψ takes into account the influence of the physical
heterogeneity on the contactor. The contact-line-singularity at the film-contactor interface during
the attachment of the film is evaded by the inclusion of the short-range Born repulsion (B) term
in the expression of the disjoining pressure. The expression for B is obtained from the condition
π ((d − hpψ − h) → l0) = 0, as

B = l4
0

18π

(
A1

l3
0

+ A2

(d − hpψ − l0)3

)
, (9)

in which, l0 represents the equilibrium cutoff thickness [49,53]. The adhesive energy per unit area
during contact is obtained by the minimization of free energy at the equilibrium distance (l0) as [53]

	G0 = − 1

36π

(
A1

l2
0

+ A2(3d − 3hpψ − l0)

(d − hpψ − l0)3

)
. (10)

B. Derivation of thin film equations

The spatiotemporal evolution of the deforming free surface of the thin viscoelastic film is
theoretically modeled in the long-wave limit [53–57]. Thus, the simplified continuity and momentum
equations are as follows:

ux + vy + wz = 0, (11)

μuzz + ηu̇zz = px, (12)

μvzz + ηv̇zz = py, (13)

pz = 0. (14)

The subscripts x, y, and z represent partial differentiation. Parabolic profile for u and v are
assumed and incorporated in the above Eqs. (11)–(14) as

u = c1(x,y,t)z2 + c2(x,y,t)z + c3(x,y,t), (15)

v = c4(x,y,t)z2 + c5(x,y,t)z + c6(x,y,t), (16)

where the variables (c2 and c5) and (c1 and c4) denote the shear stresses and divergence of the
shear stresses, respectively [53,57], while c3 and c6 are constants. The constants for the solutions
are evaluated with the help of no-slip and impermeability boundary conditions at the film-substrate
interface (z = 0),

u = v = 0, (17)

w = 0. (18)
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The balances of normal and tangential stresses are enforced at the film-air interface (z = h(x,y,t))
[53,55–57] as boundary conditions,

p + π + γ (hxx + hyy) = 0, (19)

μuz + ηu̇z = 0, μvz + ηv̇z = 0. (20)

The z-directional displacement (w) is obtained from the x- and y-directional displacements and the
continuity equation. The expressions for the displacements are replaced in the kinematic condition,

ḣ + u̇hx + v̇hy = ẇ, (21)

to obtain the following set of nonlinear partial differential equations (PDEs) for the evolving free
surface of the viscoelastic film undergoing contact instability,

ḣ − 1

η
∇ ·

[
h3

3
∇p + μh3

3
(c1ex + c4ey) + μh2

2
(c2ex + c5ey)

]
= 0, (22)

ηċ1 − (0.5px − μc1) = 0, ηċ4 − (0.5py − μc4) = 0, (23)

ηċ2 + (hpx + μc2) = 0, ηċ5 + (hpy + μc5) = 0, (24)

where

p = − 1

6π

(
A1

(d − hpψ − h)3 − A2

h3
− l4

0

(d − hpψ − h)4

(
A1

l3
0

− A2

(d − hpψ − l0)3

))

− γ (hxx + hyy). (25)

The detailed steps of the derivation [53] are given in Appendix A. It may be noted here that, in
the limit of lubrication approximation, the governing equations and boundary conditions involving
the nonlinear neo-Hookean constitutive relation [8,70–76] also lead to the same set of thin film
equations, as shown in Eqs. (21)–(25). A brief summary of the steps to derive such equations
involving the neo-Hookean model is provided in Appendix B. The effective pressure (p) is obtained
from the normal stress balance. The symbols (ex, ey) represent the unit vectors of x- and y-directions,
respectively. The movement of the contactor during the adhesion-debonding cycle is incorporated
in the set of evolution Eqs. (22)–(24) as [53]

d = d0 ∓ vct, (26)

where negative and positive signs represent the approach and withdrawal of the contactor,
respectively. Here, d0 is the initial separation distance between the contactor and the substrate.
The expressions for the local normal stresses (σn) on the free surface, the pull-off force (Fd ) per
unit area, and the work per unit area (W ) required to pull the contactor from sc to s0 (any separation
distance) can be evaluated from the following expressions [52,53],

σn(x,y,h) = −p, (27)

Fd = (1/l2)
∫ l

0

∫ l

0
p dx dy, (28)

W =
∫ s0

sc

Fd dz. (29)

The total work done per unit area during the debonding cycle is calculated by changing the upper
limit of the integration of Eq. (29) from any separation distance (s0) to the snap-off distance (sp),
where the film detaches from the contactor.
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C. Wettability gradients on the heterogeneous surfaces

The disjoining pressure, π (s,x,y), for a configuration where a thin viscoelastic film is deforming
due to the intersurface adhesive interaction with a predecorated contactor having physical or chemical
patterns can be represented as [47]

dπ =
(

∂π

∂s

)∣∣∣∣
x,y

ds +
(

∂π

∂x

)∣∣∣∣
y,s

dx +
(

∂π

∂y

)∣∣∣∣
x,s

dy. (30)

The gradient of the disjoining pressure has two significantly different mechanisms in Eq. (30).
The first term signifies the variation in the pressure due to the separation distance between the film
and the contactor, which can initiate the contact instability even when the surface is homogeneous
in nature. Additionally, the second and the third term arise because of the spatial variations in the
wettability with the variation in the (i) distance between the film and the contactor when physical
heterogeneities are present, and (ii) the Hamaker constant of the contactor when the chemical
heterogeneities are present. Thus, the second and the third terms in Eq. (30) helps in directing the
free surface patterns when approached by a contactor having pre-decorated periodic physical or
chemical patterns. For example, for a periodically patterned physically heterogeneous surface the
air gap is expected to be smaller in the protruded regions where the free surface may deform faster
to develop a pattern-directed contact instability. Similarly, a contactor with the periodic chemical
patches can cause a faster deformation of the free surface selectively in the zones of higher wettability
(larger magnitude of Hamaker constant, A1h) owing to the presence of the stronger van der Waals
interaction. In that situation, the adhesive energy per unit area (	G0) and the expression for pressure
(p) at the zone having Hamaker constant, A1h, changes to

	G0 = − 1

36π

(
A1h

l2
0

+ A2(3d − 3hpψ − l0)

(d − hpψ − l0)3

)
, (31)

p = − 1

6π

(
A1h

(d − hpψ − h)3 − A2

h3
− l4

0

(d − hpψ − h)4

(
A1h

l3
0

− A2

(d − hpψ − l0)3

))

− γ (hxx + hyy), (32)

which alter σn, Fd , and W , according to the Eqs. (27)–(29).

III. DIMENSIONLESS FORMS

A series of nonlinear simulations have been performed to investigate the spatiotemporal
evolution of a thin viscoelastic film confined by a patterned contactor. For this purpose, the
nonlinear PDEs in Eqs. (22)–(24) are made dimensionless employing the following scales: length
∼h0, time ∼η/μ, velocity ∼μh0/η, and pressure ∼μ. These scaling parameters lead to the
following set of nondimensional parameters: (H,Hp) = (h,hp)/h0, (D,D0) = (d,d0)/h0, L = l0/h0,
V = ηvc/μh0, (S,S0,Sc,Sp,Se) = (s,s0,sc,sp,se)/h0, (Lp,Lc) = (lp,lc)/h0, P = p/μ, Ar = A2/A1,
Ā = A1/6πμh3

0, μ̄ = μh0/γ , X = x/h0, (C1,C4) = (c1,c4)h0, (C2,C5) = (c2,c5),
∑

n = σn/μ, and
T = μ t/η, where Se is the dimensionless effective separation distance. The set of subsequent
nondimensional coupled nonlinear PDEs for the evolving free surface is [53]

∂H

∂T
− 1

3
∇ ·

(
H 3∇P + H 3(C1ex + C4ey) + 3

2
H 2(C2ex + C5ey)

)
= 0, (33)

∂C1

∂T
−

(
1

2

(
∂P

∂X

)
− C1

)
= 0,

∂C4

∂T
−

(
1

2

(
∂P

∂Y

)
− C4

)
= 0, (34)

∂C2

∂T
+

(
H

(
∂P

∂X

)
+ C2

)
= 0,

∂C5

∂T
+

(
H

(
∂P

∂Y

)
+ C5

)
= 0, (35)
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where

P = −Ā

(
1

(D − Hpψ − H )3 − Ar

H 3
− L4

(D − Hpψ − H )4

(
1

L3
− Ar(

D − Hpψ − L
)3

))

− 1

μ̄

(
∂2H

∂X2
+ ∂2H

∂Y 2

)
, (36)

D = D0 ∓ V T . (37)

Dimensionless normal shear stress is expressed as,
∑

n = −P . The nondimensional adhesive
energy per unit area is expressed as

	GND = 	G0h
2
0

A1
= − 1

36π

(
1

L2
+ Ar (3D − 3Hpψ − L)

(D − Hpψ − L)3

)
. (38)

First, the set of nonlinear fourth-order PDEs Eqs. (30)–(32) are discretized in space using central
difference with half-node interpolation. Then the resultant set of stiff coupled ordinary differential
equations (ODEs) for each discretized point is solved in time using Gear’s algorithm from the
subroutine D02NCF of the NAG library. Random perturbation with volume conservation at the
film-air free interface, H (X,Y,T ), has been employed as an initial condition for the numerical
simulations. The spatial periodic boundary conditions (PBCs) have been enforced to obtain results
consistent with a large area. The domain sizes for the computations are chosen to be the multiples of
the nondimensional dominant wavelength of the instability, �m, which is evaluated from the linear
stability analysis of Eqs. (33)–(35) for a homogeneous contactor (ψ = 0) [53]. The number of grid
points is varied to test the grid independence of the solutions before the results are reported for
this work. The physical heterogeneity on the contactor has been incorporated by changing air gap
thickness locally, whereas the chemical heterogeneity is introduced by locally tuning the Hamaker
constants of the contactor.

IV. RESULTS & DISCUSSION

In this section, we analyze the spatiotemporal evolutions of a deforming thin viscoelastic film
during the adhesion-debonding with a patterned contactor. In comparison to the previous works,
the uniqueness of these simulations is the use of a finite velocity to the patterned contactor while it
approaches the film as well as when pulled away from the film-proximity. In the process, we have
shown the recipes to form some interesting large-area micro- or nanopatterns on the thin viscoelastic
films. It may be noted here that unless mentioned otherwise, we carry out all the simulations in
the following manner: (i) during the adhesion cycle, the patterned contactor is bought from a large
separation distance (S � Sc) to an effective separation distance, Se (�Sc), at a constant velocity V ;
(ii) the film remains stable until the patterned contactor crosses Sc and at Se the film surface develops
the patterns induced by the inter-surface adhesive interaction; (iii) thereafter, we allow the contact
instabilities to mature as the free surface of the viscoelastic film progressively comes in contact with
the patterned contactor; (iv) following this, in the debonding cycle, we perform the pull-off of the
patterned contactor at a velocity, V . It may be noted that the darker shades in the top and isometric
views shown indicate larger magnitude in the “z” direction.

Figure 2 shows the surface morphologies of the viscoelastic films [columns (b)–(e) in Fig. 2]
during the adhesion and debonding of a topographically patterned contactor with periodic ridges and
valleys. The images in column (a) in Fig. 2 show the ridges and valleys predecorated on the contactor
having a periodicity of �. In this figure, the different pathways of debonding, such as peeling (rows
I and II), catastrophic (rows III and IV), and coalescence (rows V and VI) modes, have been
engendered by varying the compliance ratio (CR = EC/VC) of the films. Here, EC = 	G0h0/μl2

0
and VC = 	G0/ηvc denote the elastic and viscous compliances of the film. The topographically
patterned contactor ensures that the destabilizing van der Waals force is stronger near the protrusions.
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FIG. 2. The nonlinear space-time evolutions of the viscoelastic film undergoing peeling, catastrophic, and
coalescence modes of debonding in the presence of a periodically striped pattern contactor (Lp = �/2) in
a 3� × 3� domain when the compliance ratio (CR) of the film is varied. Column (a) depicts the contactor
geometries while columns (b)–(e) show the morphological evolution of the free film-air interface at time
T = 0.2, 1.4, 2.5, and 3.6 for rows (I) and (II), T = 0.002, 0.012, 0.2, and 0.3 for rows (III) and (IV), and
T = 0.4, 4.4, 22.7, and 40.7 for rows (V) and (VI). Rows (I), (III), and (V) [(II), (IV), and (VI)] show the isometric
[top] views of the images. Plots (f)–(h) show the variations in the fractional contact area (α) and average pull-off
force (F ) with the separation distance (S) of the systems shown in the same row. The compliance ratio, for peeling
mode, CR = 2.7 × 104 (μ = 103 Pa, se = 45 nm, and vc = 250 μm/s); for catastrophic mode, CR = 1.1 × 103

(μ = 102 Pa, se = 40 nm, and vc = 1 μm/s); for coalescence mode, CR = 1.0 × 10−4 (μ = 106 Pa, se = 20 nm,
and vc = 1 nm/s). The amplitudes of the physical heterogeneities (Hp) employed for the simulations are
∼0.03 H [rows (I) and (II)], ∼0.025 H [rows (III) and (IV)], and ∼0.01 H [rows (V) and (VI)], where H is the
dimensionless film thickness. Other typical parameters used for the simulations are enlisted in Table I.
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TABLE I. Parametric values used in the
simulations.

Variables Values

	G0 (mJ m−2) 0.5
η (Pa s) 1.0
h0 (μm) 1.0
γ (mN m−1) 30.0
μ (Pa) 1000
se (nm) 40.0
vc (μm s−1) 1000
l0 (nm) 3.0
� (μm) 8.7

Thus, in short time, the free surface of the viscoelastic film develops stripe patterns under the
protrusions following the periodicity of the contactor patterns, as shown in the images of column
(b) in Fig. 2. Thereafter, the patterned contactor is pulled away from the contact proximity with a
velocity of V , as shown in the images (c)–(e) in Fig. 2. To perform complete debonding, the contactor
is taken away from the film-proximity until the film is completely separated from the contactor at the
snap-off distance (Sp). Previous works reveal that the compliance ratio (CR) is one of the deciding
factors for the changeover of the debonding modes in which the peeling (coalescence) mode is
expected when CR is high (low), whereas at intermediate CR the catastrophic mode is observed [53].
In the similar lines, images (b) and (c) of rows (I) and (II) in Fig. 2 show that during the debonding,
at higher values of CR (Ec = 5.5 × 104, Vc = 2.0) the stripes initially get elongated at a constant
area of contact leading to a “pinning” phase. Following this, a “peeling” phase is observed where a
progressive reduction in the area of contact takes place, as shown in the images (c)–(e) of rows (I)
and (II) in Fig. 2. The film peels out completely from the patterned contactor at Sp.

Plot (f) in Fig. 2 shows the typical nonmonotonic variation in the fractional contact area (α) with
the separation distance (S) for the peeling mode where α progressively reduces during the stepwise
peeling of the film from the contactor. However, α remains constant during the intermediate pinning
phases while stepwise peeling occurs. Plot (f) in Fig. 2 also shows that the average pull-off force
(F ) required per unit area during the pull-off phase increases to a maximum value at the end of the
pinning phase before the peeling of the film starts. The plot uncovers that whenever the stress levels at
the edges of the columns increase beyond a threshold value, the film relaxes the stress by decreasing
contact area from the sides of the columns to engender the peeling mode. For this reason, we observe
a series of progressive increase and then sharp fall in the magnitude of F during the stepwise peeling
of the film from the striped contactor, which signifies the requirement of maximum F before a part
of the film snaps back from the patterned contactor. Incidentally, each of this stepwise decrease in
the area of contact actually signifies a catastrophic adhesion failure for stress relaxation. The results
also corroborate that the pre-decorated protrusions on the contactor help in increasing the snap-off
(Sp) distance significantly as compared to a similar system with a homogeneous contactor. For
example, the contact instabilities of viscoelastic films of 1 µm thick can develop surface patterns of
height ∼1 μm (Sp = 0.9) under a patterned contactor as compared to ∼250 nm (Sp = 0.025) under
a homogenous contactor [53]. In comparison, the use of patterned contactor can lead to an at least
fourfold increase in the aspect ratio of the micropatterns fabricated on the surface of a viscoelastic
film. The aspect ratio (Ar = Hs/0.5�, where Hs is the height of stripe patterns) of the stripes shown
in the image (e) of rows (I) and (II) is evaluated to be ≈0.35, which is comparable (Ar ≈ 0.28) to a
recent experimental study [45].

The images (b)–(e) of rows (III) and (IV) in Fig. 2 show the catastrophic mode of debonding
where the stripes elongate without peeling [images (b)–(d) in Fig. 2] until sudden snap-off from
the contactor [image (e) in Fig. 2] takes place. The plot (g) in Fig. 2 shows that for this mode
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the fractional area (α) of contact remains constant and the pull-off force per unit area increases
monotonically until the contact between the film and the contactor is abruptly reduced to zero.
This mode prevails when CR is in the intermediate regime, for example, when the film has more
elastic (EC) as well as viscous compliance (VC). At rather lower values of low CR when the viscous
compliance dominates over the elastic one, the coalescence mode of debonding of the viscoelastic
films is observed, as shown in the rows (V) and (IV). The images (b)–(e) in Fig. 2 show the stripes
developed on the free surface of the viscoelastic film rapidly coalesce while the debonding takes
place. The coalescence is signified merging of the film surface between the stripes, which is also
associated with the formation of the random zones of depressions or holes at different places. Plot
(h) in Fig. 2 shows an abrupt increase in α in this mode due to the rapid coalescence of patterns
makes the debonding process rather difficult.

Concisely, results obtained in Fig. 2 show that, although the debonding pathways remain similar
for both the physically homogeneous and heterogeneous contactors, the snap-off distance can be
significantly improved by the use of a patterned contactor. This opens up the possibility of developing
patterns with higher aspect ratios when the ECL is performed employing a physically heterogeneous
contactor.

Previously, we mentioned that the compliance ratio (CR) of a thin viscoelastic film can cause the
changeover of debonding modes from catastrophic to peeling to coalescence [53]. In Figs. 3 and 4,

FIG. 3. The nonlinear space-time evolutions of the viscoelastic film showing the transition from coalescence
to peeling mode with the use of striped pattern contactor (Lp = �/2, Hp = 0.01 H ) instead of a homogeneous
contactor in a 3� × 3� domain. Column (a) depicts the contactor geometries while columns (b)–(e) show the
morphological evolution of the thin film free surface at time T = 0.002, 0.014, 0.04, and 0.09 for rows (I) and
(II) and T = 0.003, 0.04, 0.08, and 0.09 for rows (III) and (IV). Rows (I) and (III) [(II) and (IV), respectively]
show the isometric [top] views of the images. Plots (f) and (g) show the variations in α and F with S of the
systems shown in the same row. Compliance ratio for both the modes mode is CR = 1.1 × 105 (se = 20 nm).
Other dimensional parameters are listed in Table I.
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FIG. 4. The nonlinear space-time evolutions of the viscoelastic film showing the transition from the
catastrophic to peeling mode with the reduction in height (Hp) of the stripe patterns on the contactor (Lp = �/2)
from 0.01 H to 0.005 H , respectively, in a 3� × 3� domain. Column (a) depicts the contactor geometries
while columns (b)–(e) show the morphological evolution of the thin film-air interface at time T = 0.0002,
0.002, 0.003, and 0.004 for rows (I) and (II) and T = 0.0002, 0.006, 0.008, and 0.01 for rows (III) and (IV).
Rows (I) and (III) [(II) and (IV)] show the isometric [top] views of the images. Plots (f) and (g) show the
variations in α and F with S of the systems shown in the same rows. Compliance ratio for both the modes mode
is CR = 1.1 × 106 (se = 20 nm, μ = 102 Pa). Typical dimensional parameters are listed in Table I.

we show that this is even possible when the amplitude of the physical heterogeneity of the contactor
is changed at a constant CR .

Images (b)–(e) of rows (I) and (II) of Fig. 3 show the coalescence mode of contact instability
when a homogeneous contactor is deployed [images (a) of Fig. 3], which is converted into a peeling
mode [rows (III) and (IV) of Fig. 3] when the contactor possesses periodic ridges and valleys [image
(a) of Fig. 3]. In this situation, in short time, the protrusions on the contactor ensure the formation
of stripe patterns on the film surface during the adhesion cycle before any coalescence is initiated.
Figure 3 shows a typical example where a transition of modes from coalescence to peeling mode
takes place due to the presence of physical heterogeneity on the contactor surface. Plots (f) and (g)
of Fig. 3 show the characteristic variations in α and F with S, which also confirm the transition
from coalescence to the peeling mode with the introduction of the physical heterogeneity. Plot (g)
of Fig. 3 also depicts that contact area, α, remains constant for a long time before the snap-off takes
place. This because a high viscous compliance enables the film to undergo rapid coalescence under
a single stripe during the adhesion cycle before the patterned contactor is pulled away.

Figure 4 shows an example where a change over from catastrophic to peeling mode takes place
with the use of patterned contactor at a constant CR . The rows (I) and (II) show a catastrophic
mode of debonding under a physically heterogeneous contactor while rows (III) and (IV) show
the peeling mode of debonding when the amplitude of the protrusions on the contactor is reduced.
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FIG. 5. Spatiotemporal evolutions of viscoelastic films with the variations in the elastic and viscous
compliances (Ec and Vc) in a 3� × 3� domain. Column (a) depicts the contactor geometries and columns
(b)–(e) show the morphological evolution of the free surface of the thin film at time T = 0.2, 0.6, 0.8, and 1.1
for rows (I) and (II) and T = 0.004, 0.03, 0.04, and 0.08 for rows (III) and (IV). Rows (I) and (III) show the
isometric profiles and rows (II) and (IV) show the top views. Plots (f) and (g) show the variations in α and F

with S of the systems shown in the same row. The width of the stripe patterns on the patterned contactor for
rows (I)–(IV) are Lp = �/2 and the height of the patterns for rows (I)–(IV) are Hp = 0.03 H . The elasticity
of the film used for rows (III) and (IV) is μ = 102 Pa. The other parameters used are listed in Table I.

Images (b)–(d) of rows (I) and (II) of Fig. 4 collectively with the plot (f) of Fig. 4 suggest the
catastrophic mode of debonding happens when the amplitude of the protrusions of the contactor is
larger [image (a) of Fig. 4]. In contrast, the images (b)–(e) of rows (III) and (IV) of Fig. 4 and the
plot (g) of Fig. 4 show the changeover to the peeling mode when the amplitude of the protrusions
is reduced [image (a) of Fig. 4]. In this case, the reduction in pattern height reduces the adhesive
energy near the protrusions. The results shown in Figs. 3 and 4 open up the possibility of developing
the peeling mode of debonding for a viscoelastic film for a wider range of CR when a physically
patterned contactor is used in place of a homogeneous one. This is important from the context of
developing surface patterns with higher aspect ratio because, previously, it is shown that among all
the debonding pathways the peeling mode has the capacity to form the ordered patterns with largest
aspect ratio on the surface of a thin viscoelastic film.

Figure 5 shows the influence of elastic (EC) and viscous (VC) compliances on the free surface
morphologies of the viscoelastic films in the peeling mode. Previously, the rows (I) and (II) in
Fig. 2 show an example where the peeling mode of debonding led to a snap-off distance Sp ∼ 1. A
previous work [53] has reported that the decrease in VC (higher CR) can improve Sp further because
of the increase in the withdrawal velocity (V ), which can be one of the ways to develop patterns
with higher aspect ratios than the same obtained in Fig. 2. The images in the rows (I) and (II) of
Fig. 5 show the results for the same system as shown in Fig. 2 with a lower VC (=0.5) because
of a higher pull-off velocity (vc = 1000 μm/s) of the contactor during debonding keeping Ec fixed
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FIG. 6. Spatiotemporal evolutions of viscoelastic films with the variations in the width (Lp) and the
amplitude (Hp) of the stripe patterns on the contactor in a 3� × 3� domain. Column (a) depicts the contactor
geometries and columns (b)–(e) show the morphological evolution of the free surface of the thin film at time
T = 0.07, 0.3, 0.5, and 0.7 for rows (I) and (II) and T = 0.3, 0.6, 0.7, and 0.8 for rows (III) and (IV). Rows
(I) and (III) show the isometric profiles and rows (II) and (IV) show the top views. Plots (f) and (g) show the
variations in α and F with S of the systems shown in the same row. The width of the stripe patterns on the
patterned contactor for rows (I)–(IV) are Lp = �/4 and the height of the patterns for rows (I) and (II) [(III)
and (IV)] are Hp = 0.03 H [Hp = 0.01 H ]. The other parameters used are listed in Table I.

(Ec = 5.5 × 104). Plot (f) of Fig. 5 confirms that indeed the Sp of the ridges can be improved up
to Sp ∼ 1.4 by this method, which is also reflected in the images (b)–(e) of Fig. 5. In fact, near
the snap-off stage of debonding, the ridges on the left side of the viscoelastic film undergoes a
Plateau-Rayleigh instability to transform into discrete columnar patterns, as shown by the images
(c)–(e) of Fig. 5. In this scenario, increasing the elastic compliance (EC = 5.5 × 105) by decreasing
the elasticity of the film (µ) can arrest the Plateau-Rayleigh instability before snap off to restore the
stripe patterns, as shown in the plots (b)–(e) of rows (III) and (IV) of Fig. 5. However, increase in
EC also causes a reduction in the snap-off distance (Sp ∼ 0.8) than the same obtained for the system
shown in Fig. 2. The results shown in Fig. 5 highlight the necessity to find the optimal condition
by tuning the compliance ratio (CR) and speed of the contactor (V ) to obtain higher aspect ratio
features with large area ordering using ECL.

Figure 6 shows the ordering of the microstructures when the height (Hp), width (Lp), and
periodicity of the stripe patterns on the contactor are varied. The figure suggests that a smaller
periodicity of the stripes can be employed to reduce the spacing of the ridges formed on the surface
of the film. For example, rows (I) and (II) of Fig. 6 show that when the stripe periodicity is �/2
(Lp = �/4) on the contactor, periodic ridges with the same periodicity appear on the film surface.
The patterns on the film surface last until the snap-off takes place at, Sp ∼ 0.75, as shown in plot
(f) of Fig. 6. In comparison, keeping the other parameters same, when the height of the stripes
of the contactor is reduced (Hp = 0.01 H ), again the ridges on the film shows Plateau-Rayleigh
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instability before snap-off to form columnar structures, as shown by the images in rows (III) and
(IV) of Fig. 6. In this condition, the order of the patterns developed on the film surface disappears
during debonding phase, as shown by the images (c)–(e) of Fig. 6. In this case, a significantly large
film-contactor separation distance and a smaller amplitude of the physical patterns on the contactor
brings back the signature of the contact instabilities of a viscoelastic film under a homogeneous
contactor. Briefly, Fig. 6 suggests that height (Hp), width (Lp), and periodicity of the stripe patterns
predecorated on the contactor can influence the aspect ratio and order of the patterns developed
during the pattern-directed contact instabilities of thin viscoelastic films.

A chemically heterogeneous contactor can also show a transition from coalescence to peeling to
catastrophic modes at a constant CR , as shown in Fig. 7. Rows (I) and (II) of Fig. 7 show a coalescence
mode of debonding of the thin film in the presence of a contactor having a homogeneous adhesive
energy (	G0), as shown in image (a) of Fig. 7. Images (b) and (c) of Fig. 7 in these rows show
the coalescence of the irregular shaped thin film columns while images (d) and (e) of Fig. 7 show
the growth of the cavities with the elongation of the coalesced microstructures. The abrupt initial
increase in α and F in the plot (f) of Fig. 7 confirm that indeed coalescence of the microstructures
happen before peeling starts to form big cavities to initiate the cohesive failure of the film. We can
observe the peeling [rows (III) and (IV) of Fig. 7] and catastrophic [rows (V) and (VI) of Fig. 7]
modes of debonding when a chemically heterogeneous contactor is employed with chemical patches
of higher adhesive energy, 	Gh

0 > 	Gl
0, on the darker zones and smaller one (	Gl

0) in the lighter
zones. The typical checkerboard pattern of the chemically heterogeneous contactor is shown in
image (a) of the rows (III)–(VI) of Fig. 7. Again, the transition of the debonding modes is found to
have a similar origin, as previously observed for the physically heterogeneous contactor. The darker
chemical patches with larger adhesive force have stimulated the formation of box-patterns on the
surface of the viscoelastic film before any coalescence is initiated, which results in the transition
from coalescence to peeling mode of debonding.

In general, when the contrast of adhesive energy (	GR = 	Gh
0/	Gl

0) across the chemically
heterogeneous contactor is moderately high (	GR ∼ 10), the peeling mode is observed. However,
the figure also suggests that at a high 	GR ∼ 100 the catastrophic mode prevails. Remarkably
enough, the snap-off distance improves by approximately threefold than the same obtained in the
peeling mode for the topographically patterned contactor. Concisely, Fig. 7 reveals some simple
recipes to develop higher aspect ratio structures with large-area ordering on a thin viscoelastic film
undergoing contact instability using a chemically heterogeneous contactor.

Figure 8 shows a few examples to develop large-area ordered patterns with higher aspect ratio
exploiting the pattern-directed contact instabilities of the thin viscoelastic films. The procedures to
calculate the aspect ratio (Ar ) and the taper ratio (Tr ) of the structures is shown in plot (i) of Fig. 8.
The magnitude of the taper ratio (Tr ) provides the information on the shape and geometry of the
structures. For example, Tr = 1 signifies a cylindrical columnar structure of uniform radius whereas
the reduction in the value of Tr indicates conical frustum shapes with increased angle of inclination.
Images (a) and (b) in case I of Fig. 8 show that a viscoelastic film deforming under homogeneous
contactor forms columns with an average aspect ratio of Ar ≈ 0.18. Case I of Fig. 8 shows that
a taper ratio around Tr ≈ 0.49 is obtained for the microstructures formed using a homogeneous
contactor. Images (c) and (d) of case (II) of Fig. 8 show that the film surface deforms replicating
the contactor patterns when the viscoelastic film deforms under a physically patterned contactor.
The periodicity of the patterns in this simulation is kept at (�/4) × (�/4), while the height of the
patterns is fixed at Hp = 0.03 H . The patterns on the contactor surface are decorated in such a
manner that the maximum area of contact with the film is ∼0.25. Image (d) of Fig. 8 shows that Ar ,
in this case, has increased about 2.5-fold than case I by using a topographically patterned contactor
while Tr reduces to 0.35 [plots (j) and (k) of Fig. 8]. The tapered patterns obtained in the image (d)
of Fig. 8 are very commonly observed on the inner tube surface of the carnivorous plant, Sarracenia
leucophylla, for insect catching [21]. The surfaces consisting of such microstructures also possess
high roughness factor (Rf ) to become superhydrophobic [77]. A previous work [53] has reported

124004-15



GHOSH, BANDYOPADHYAY, SARKAR, AND SHARMA

FIG. 7. The nonlinear space-time evolutions of the viscoelastic thin film throughout the changeover of
three distinct debonding modes—coalescence, peeling, and catastrophic, in presence of a chemically patterned
contactor, in a 3� × 3� domain. In the column (a) of rows (I) and (II) the contactor has homogeneous adhesive
energy of 	G0 while in the rows (III)–(VI) the contactor has dark (light) checkerboard patches with higher
(lower) adhesive energy 	Gh

0 (	Gl
0). Columns (b)–(e) show the morphological evolution of the free surface

at time T = 0.002, 0.012, 0.05, and 0.08 for rows (I) and (II), T = 0.002, 0.02, 0.04, and 0.05 for rows (III)
and (IV), T = 0.0006, 0.008, 0.01, and 0.3 for rows (V) and (VI). Rows (I), (III), and (V) [(II), (IV), and (VI)]
show the isometric [top] views of the images. Plots (f)–(h) show the variation in α and F with S of the systems
shown in the respective rows. Compliance ratio is kept constant at, CR = 1.1 × 105 (se = 15 nm).

that the increase EC (higher CR) can improve Sp further, which are perhaps other ways to develop
patterns with even higher aspect ratios than the same obtained in the case (II).

In case (III) of Fig. 8 the film is made elastically more compliant (higher Ec) than the previous
cases while other particulars remain same as in the case (II) of Fig. 8. Consequently, images (e)
and (f) of Fig. 8 show that Ar improves around threefold than the microstructures obtained using
homogeneous contactor in case I [plot (j)] of Fig. 8. In such a scenario, the aspect ratio can also be
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FIG. 8. Example cases of spatiotemporal evolutions of viscoelastic thin film to achieve higher aspect ratio
microstructures by altering contactor property, geometry, and CR , in a 3� × 3� domain. Contactor geometries
are shown in the images at (a), (c), (e), and (g) while images at (b), (d), (f), and (h) show the dimensions of final
microstructures obtained after debonding cycle at time T = 0.2 for case (I); T = 0.7 for case (II); T = 0.007
for case (III); and T = 0.01 for case (IV). The parameter, μ = 10 Pa, is used for cases (III) and (IV). Other
necessary dimensional parameters for the simulations are listed in Table I. The parameter � is kept constant for
all the cases. The plot (i) shows the procedure to calculate the aspect ratio (Ar ) and the taper ratio (Tr ) of the
thin film microstructures and introduces some of the relevant dimensional variables like height (hc), base (cb),
and top (ct ) dimensions of the structures. The plots (j)–(l) show the variation of Ar , Tr , and Sp , respectively,
for all the four cases.

improved further by the use of chemical patches on the topographically patterned surface, as shown
in the images (g) and (h) of case (IV) of Fig. 8. Image (g) of Fig. 8 shows the physicochemical patch
consisting, 	Gh

0 = 0.75 mJ/m2, in the protruded regions of the contactor (Hp = 0.035 H ), while
the surrounding of the same has 	Gl

0 = 0.05 mJ/m2. In summary, Fig. 8 presents a few example
cases where the physicochemical patterns on the contactor help in improving the Ar about fourfold
[plot (j) of Fig. 8] and Sp by about sixfold [plot (l) of Fig. 8] when the Tr is maintained between 0.4
and 0.5 [plot (k) of Fig. 8].

Figure 9 shows three different cases where pattern induced contact instability is used to fabricate
nanostructures employing the physicochemically patterned contactors. Case (I) shows the formation
of nanostructures using the submicron-sized square patterns [(�/16) × (�/16)] with pattern height,
Hp = 0.035 H on the contactor [image (a) of Fig. 9]. In these simulations, the physicochemical
patches with higher adhesive energy (	Gh

0 = 0.75 mJ/m2) have been employed in the protruded
regions of the contactor for the elastically more compliant films to develop higher aspect ratio
patterns. Image (b) of Fig. 9 confirms that indeed the film surface is capable of producing the
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FIG. 9. Fabrication of nano- and multiscale composite structures using spatiotemporal evolutions (3D) of
the viscoelastic thin film in the presence of patterned contactors of different geometries and chemical patches
in a � × � domain for cases (I)–(III). Column (a) depicts the contactor geometries while columns (b) and (c),
respectively, show the final structures of the thin film after the adhesion and debonding cycle at time T = 0.0002
and 0.004 for case (I); T = 0.004 and 0.23 for case (II); and T = 0.006 and 0.12 for case (III). The parameters,
for case (I), μ = 10 Pa and se = 60 nm; for case (II), se = 40 nm; for case (III), μ = 102 Pa and se = 60 nm. �

is kept constant for all the cases. Other necessary dimensional parameters are shown in Table I.

nanoridges replicating the checkerboard patterns decorated on the contactor during the adhesion
cycle. However, during the debonding phase, the number density reduces, which leaves a few
columnar nanostructures to turn into the higher aspect ratio ones before snapping off, as shown in
images (c) of Fig. 9. The simulations suggest that in this case, the nanoscale columns can have an
aspect ratio as high as, Ar ≈ 1.4.

Case (II) shows that the use of physicochemically patterned contactors [image (a) of Fig. 9]
can also lead to hierarchical structures. In this instance, the dimension of each bigger square
patterns on the contactor is (�/4) × (�/4) and the heights of the patterns are Hp = 0.035 H ,
as shown in the image (a) of Fig. 9. To develop the physicochemically patterned contactor, the
protruded bigger square regions (darker blue shade) of the contactor have chemical patches where
	Gh

0 = 0.75 mJ/m2, whereas the smaller squares cavities (lighter blue shade) are of 0.01 H deep,
	Gh

0 = 0.75 mJ/m2, and dimension (�/16) × (�/16). In the presence of such a contactor, the film
surface deforms into hierarchical patterns during the adhesion cycle, as shown in images (b) of Fig. 9.
The hierarchical structure thus developed is composed of four nanopillars on each micropillar, which
can be employed for making the surfaces superhydrophobic. For example, the “lotus effect” [19] on
the Lotus (Nelumbo nucifera) or Taro (Colocasia esculenta) leaves deploy such structures to make
the leaf surface superhydrophobic as well as self-cleaning. It may be noted here that although the
structures formed during adhesion cycle have a lower aspect ratio, the same can be increased during
debonding cycle. The situations shown in the simulations can also be replicated experimentally
because the ECL patterns fabricated on the polymers like polydimethylsiloxane (PDMS) can be
frozen at any stage of the debonding [images (c) of Fig. 9] by crosslinking with UV exposure [38,78].

Case (III) shows deeply penetrated holes with higher aspect ratio can also be fabricated using the
physicochemically patterned contactors. Images (a) of Fig. 9 show the contactor design where the
dimensions of the bigger squares are same as in case (II), whereas the smaller squares are chemical
patches with the repulsive intermolecular potential of 	Gl

0 = 50 J/m2 and the attractive potential
for the surrounding is 	Gh

0 = 0.5 mJ/m2. Image (b) shows deep microcavities with lower aspect
ratio are formed during the adhesion cycle. However, during the debonding cycle aspect ratio of
these features increase [images (c) of Fig. 9]. It may be noted here that the structures shown here
are frequently fabricated for the MEMS or lab-on-a-chip applications using other costly fabrication
methodologies [79]. Figure 9 shows the potential of the use of ECL to develop such structures with
a moving contactor having physicochemically patterned surfaces.
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V. CONCLUSIONS

The conditions for replicating the physical, chemical, or physicochemical patterns decorated on
a contactor into the free surface of a thin viscoelastic film undergoing contact instability have been
theoretically investigated employing the nonlinear simulations. The conclusions are summarized as
follows:

(i) Use of homogeneous contactor produces random irregular patterns whereas introduction of
patterns in the contactor impose an order on them. The physical or chemical patterns fabricated on
the contactor enforce a lateral variation of intermolecular force, which induces the ordering of the
patterns formed on the film surface.

(ii) Simulations suggest that different debonding pathways such as peeling, catastrophic, and
coalescence can be engendered by simply varying the wettability contrast across the contactor.
Experimental works are yet to appear on the conditions for these transitions of the debonding modes
with the use of physical or chemical or physicochemical patches for the same [45]. The snap-off
distance for the peeling mode of debonding is found to be highest among these modes, which helps
in developing the recipes to fabricate higher aspect ratio structures employing the elastic contact
lithography.

(iii) The proposed methodology shows about a fourfold increase in the aspect ratio for the
microscale patterns than the previously reported works in this domain [53]. The highest aspect ratio
obtained for the nanostructures is Ar ≈ 1.4, which is remarkably higher than any previous reports
on the ECL induced pattern formation.

(iv) Pathways to form nanostructures or hierarchical patterns with significantly higher aspect
ratio and density have also been revealed. The simulations show the conditions to generate a
host of technologically important structures such as an array or microcolumns or microchannels,
high-density nanopillars on microscale columns, high aspect ratio and high-density nanoscale pillars,
and microscale columns decorated with cavities or protrusions, among others.
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APPENDIX A

Parabolic profiles for u and v are assumed as shown in the Eqs. (15) and (16). The expressions of
these variables are substituted in the mass conservation Eq. (11) to obtain the following expression
of w:

w = −
[
∂c1

∂x

z3

3
+ ∂c2

∂x

z2

2
+ ∂c3

∂x
z + ∂c4

∂y

z3

3
+ ∂c5

∂y

z2

2
+ ∂c6

∂y
z + c7

]
. (A1)

Here, c7 is the integration constant. The expressions of the x-, y-, and z-directional displacements
are replaced in the kinematic Eq. (21) to obtain the free surface evolution equation as

∂h

∂t
+ ∂

∂x

(
∂c1

∂t

h3

3
+ ∂c2

∂t

h2

2
+ ∂c3

∂t
h

)
+ ∂

∂y

(
∂c4

∂t

h3

3
+ ∂c5

∂t

h2

2
+ ∂c6

∂t
h

)
+ ∂c7

∂t
= 0. (A2)

The constants c3, c6, and c7 are evaluated using the no-slip and the impermeability boundary
conditions [Eqs. (17) and (18)] as

c3 = c6 = c7 = 0. (A3)
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Replacing the expressions of the variables u and v [Eqs. (15) and (16)] in the x- and y-directional
equations of motion [Eqs. (12) and (13)], we obtain the expressions of c1 and c4 as

ηċ1 − (0.5px − μc1) = 0, ηċ4 − (0.5py − μc4) = 0. (A4)

Similarly, using the expressions of the same displacement components in the shear stress balances
[Eq. (20)], we get the expressions of c2 and c5 as

ηċ2 + (hpx + μc2), ηċ5 + (hpy + μc5) = 0. (A5)

The above expressions of the variables, c1, c2, c4, and c5 in the free surface evolution equation
[Eq. (A2)] lead to the following expression:

∂h

∂t
− 1

η

(
∂

∂x

(
h3

3

∂p

∂x
+ h3

3
(μc1) + h2

2
(μc2)

)
+ ∂

∂y

(
h3

3

∂p

∂y
+ h3

3
(μc4) + h2

2
(μc5)

))
= 0,

(A6)

where, p is derived by replacing the disjoining pressure, π , from the Eq. (8) into the normal stress
balance [Eq. 19] as

p = − 1

6π

(
A1

(d − hpψ − h)3 − A2

h3
− 3B

(d − hpψ − h)4

)
− γ

(
∂2h

∂x2
+ ∂2h

∂y2

)
. (A7)

APPENDIX B

In this section, we have shown the steps to derive the thin film equation involving the
incompressible neo-Hookean viscoelastic materials [72,74] instead of zero-frequency linear
viscoelastic material. For this purpose, the reference frame for the particle at time t = 0 is
considered as X{X,Y,Z} and the position of the particle at the given time t is x{x,y,z}. Here,
x represents the same three-dimensional (3D) Cartesian coordinate system, as previously shown in
the schematic diagram Fig. 1. The displacement of the particle from the reference position at time t

is u(X,t) = x(X,t) − X, where the symbol u{u,v,w} represents the displacement vector and x(X,t)
represents the motion of a particle in the continuum. The deformation gradient for the Lagrangian
formulation is defined as F = ∂x/∂X. The constitutive relation of a neo-Hookean solid with viscous
dissipation in the Lagrangian framework is expressed as [73,75,76],

σ = −pf I + μ(F · FT) + η(L + LT), (B1)

where σ is the Cauchy stress tensor. The spatial strain rate tensor, L, is defined as, L = Ḟ · F−1 in
which the overdot represents the time derivative. To keep the parity in the formulation presented
in the main manuscript, the following formulation is presented in the Eulerian framework, wherein
the deformation gradient is defined as f = ∂X/∂x, wherein F = f−1 by definition. This relation is
utilized to convert the Lagrangian constitutive relation Eq. (B1) into a Eulerian constitutive relation
as [76]

σ = −pf I + μ(fT · f)−1 + η(ḟ−1 · f + (ḟ−1 · f)T). (B2)

The deformation gradient can also be expressed as f = ∂(x − u)/∂x = I − ∇u. The dynamics of
such incompressible neo-Hookean solid film under the influence of an approaching contactor can be
described using the incompressibility condition together with the equation of motion as

Det f = 1, (B3)

∇ · σ + �v = 0. (B4)
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Here, �v is the van der Waals body force term which can be expressed in terms of π . No-slip
and impermeability boundary conditions are enforced at the substrate-film interface (z = 0),

u = u̇ = 0. (B5)

At the film-air interface (z = h(x,y,t)), we have enforced the normal and tangential stress
balances, and the kinematic condition as boundary conditions,

n · σ · n = −γ κ, (B6)

n · σ · t = 0, (B7)

DQ/Dt = Q̇ + u̇ · ∇Q = 0, (B8)

where Q(=z − h(x,y,t)) defines the free surface of the thin film and D/Dt represents material
derivative. The governing equations [Eqs. (B3) and (B4)] and the boundary conditions [Eqs. (B5)–
(B8)] transform into the following:

u,x + v,y + w,z − v,yw,z + w,yv,z − u,xw,z − u,xv,y + v,xu,y + w,xu,z

+u,xv,yw,z − u,xw,yv,z − v,xu,yw,z + v,xw,yu,z + w,xu,yv,z − w,xv,yu,z = 0, (B9)

σxx,x + σxy,y + σxz,z + π,x = 0,

σyx,x + σyy,y + σyz,z + π,y = 0, (B10)

σzx,x + σzy,y + σzz,z + π,z = 0;

u = v = 0, w = 0; (B11)(
h2

,x

1 + h2
,x + h2

,y

σxx + h,xh,y

1 + h2
,x + h2

,y

σxy − h,x

1 + h2
,x + h2

,y

σxz

)

+
(

h,xh,y

1 + h2
,x + h2

,y

σyx + h2
,y

1 + h2
,x + h2

,y

σyy − h,y

1 + h2
,x + h2

,y

σyz

)

+
(

− h,x

1 + h2
,x + h2

,y

σzx − h,y

1 + h2
,x + h2

,y

σzy + 1

1 + h2
,x + h2

,y

σzz

)
= γ (∇ · n), (B12)

(
h,x

1 + h2
,x + h2

,y

σxx + h,y

1 + h2
,x + h2

,y

σxy − 1

1 + h2
,x + h2

,y

σxz

)

+
(

h2
,x

1 + h2
,x + h2

,y

σzx + h,xh,y

1 + h2
,x + h2

,y

σzy − h,x

1 + h2
,x + h2

,y

σzz

)
= 0, (B13)

(
h,x

1 + h2
,x + h2

,y

σyx + h,y

1 + h2
,x + h2

,y

σyy − 1

1 + h2
,x + h2

,y

σyz

)

+
(

h,xh,y

1 + h2
,x + h2

,y

σzx + h2
,y

1 + h2
,x + h2

,y

σzy − h,y

1 + h2
,x + h2

,y

σzz

)
= 0, (B14)

ḣ + u̇h,x + v̇h,y = ẇ. (B15)

The variables with subscript preceded by a comma denote partial differentiation with respect to
the subscripted variable expressions.
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1. Long-wave analysis

The spatiotemporal evolution equation for the deforming free surface of the thin film is
theoretically modeled in the long-wave limit. In this limit, the Cauchy stress tensor reduced to

σ = −pf

⎛
⎝1 0 0

0 1 0
0 0 1

⎞
⎠ + μ

⎛
⎝ 1 0 u,z

0 1 v,z

u,z v,z 1

⎞
⎠ + η

⎛
⎝ ∂

∂t

⎛
⎝ 0 0 0

0 0 0
u,z v,z 0

⎞
⎠ + ∂

∂t

⎛
⎝0 0 u,z

0 0 v,z

0 0 0

⎞
⎠

⎞
⎠.

(B16)

The simplified continuity and momentum equations are obtained as

u,x + v,y + w,z = 0, (B17)

μu,zz + ηu̇,zz = p,x, (B18)

μv,zz + ηv̇,zz = p,y, (B19)

p,z = 0. (B20)

The no-slip and impermeability boundary conditions in the long-wave limit remain same as
Eq. (B11). The stress balances [Eqs. (B12)–(B14)] reduce to

p + π + γ (h,xx + h,yy) = 0, (B21)

μu,z + ηu̇,z = 0, (B22)

μv,z + ηv̇,z = 0. (B23)

The kinematic condition also remains same as Eq. (B15). The obtained set of governing equations
[Eqs. (B17)–(B20)] and boundary conditions [Eqs. (B11), (B21)–(B23), (B15)] are exactly similar
to the ones that are obtained for a linear viscoelastic solid [Eqs. (11)–(14), (17)–(21)] in the main
manuscript. Following the procedure presented in Sec. IIB, we end up with the same set of evolution
equations [Eqs. (22)–(25)] similar to the linear viscoelastic thin film, as shown in the main manuscript.
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