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Mechanics of Tunable Adhesion
With Surface Wrinkles
Surface wrinkles have emerged as a promising avenue for the development of smart adhe-
sives with dynamically tunable adhesion, finding applications in diverse fields, such as soft
robots and medical devices. Despite intensive studies and great achievements, it is still chal-
lenging to model and simulate the tunable adhesion with surface wrinkles due to roughened
surface topologies and pre-stress inside the materials. The lack of a mechanistic under-
standing hinders the rational design of these smart adhesives. Here, we integrate a
lattice model for nonlinear deformations of solids and nonlocal interaction potentials for
adhesion in the framework of molecular dynamics to explore the roles of surface wrinkles
on adhesion behaviors. We validate the proposed model by comparing wrinkles in a neo-
Hookean bilayer with benchmarked results and reproducing the analytical solution for
cylindrical adhesion. We then systematically study the pull-off force of the wrinkled
surface with varied compressive strains and adhesion energies. Our results reveal the com-
peting effect between the adhesion-induced contact and the roughness due to wrinkles on
enhancing or weakening the adhesion. Such understanding provides guidance for tailoring
material and geometry as well as loading wrinkled surfaces for different applications.
[DOI: 10.1115/1.4062699]
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1 Introduction
Smart adhesives with tunable adhesion [1–5] play important roles

in various applications as diverse as robotics [6–8], small-object
manipulations [9–11], and medical devices [12–14]. Surface wrin-
kles have been shown very promising to dynamically tune adhesion
[15–24] via the control of surface morphologies, such as wrinkle
wavelength and amplitude. These smart adhesives based on wrin-
kles are highly appealing due to their straightforward fabrication
process, compatibility with a wide range of materials, ease of
manipulation, and ability to be used repeatedly. For example,
Chan et al. reported controllable adhesion enabled by
swelling-induced surface wrinkles in elastomer and found that wrin-
kles can enhance the adhesion when the wrinkle wavelength is
smaller than a critical value [15]. Lin et al. tuned the adhesion of
a wrinkled bilayer elastomeric structure via mechanical stretching
and applied it to repeatedly pick and release a glass ball [16].
To rationally design surface wrinkles for smart adhesives, sub-

stantial effort has been devoted to the mechanics modeling and sim-
ulations of the process [16,20]. Most existing studies are based on
simplified models because the highly nonlinear interactions
between the indenter and the wrinkled substrate pose great chal-
lenges to mechanistic understanding. The scientific challenges
stem from several coupled factors introduced by surface wrinkles
that will synergically affect the adhesion property. First, wrinkles

modify the surface roughness, which alone has been shown to
play a very important role in determining adhesion. Second, non-
uniform initial stresses, before interacting with an indenter, are
the driving force of the wrinkle formation and required to be
included in the adhesion analysis. Third, material heterogeneities
are necessary to form wrinkles and add more complicity to the
problem. Fourth, the top layer of the surface wrinkles generally
undergoes large bending deformation, making analytical solutions
difficult to obtain. Although the surface roughness effect on adhe-
sion has been extensively studied [25–38] and indeed offered
important insights into the wrinkled adhesion, more effort is still
needed to uncover the coupling roles of these factors in tuning adhe-
sion with controlled wrinkles.
Numerical simulations are almost inevitable to address the above

challenges. This further brings another technique challenge due to
three separated length scales involved in the simulations, including
contact radius, wrinkle wavelength, and the lattice space. To correctly
capture this multiscale character, large-scale simulations are neces-
sary and pose challenges for numerical analysis. To address the scien-
tific and technique challenges, we develop a modeling framework by
coupling a lattice model [39–43] for the nonlinear deformation of the
substrate and film and Lennard–Jones (L–J) pair interactions for inter-
facial adhesion. The lattice model has been shown to be able to accu-
rately capture the nonlinear nearly incompressible deformation of
neo-Hookean solids [41–43]. L–J potentials have been widely used
to describe interfacial adhesion [32,38,44–46]. We integrate them
in large-scale atomic/molecular massively parallel simulator
(LAMMPS) [47], a powerful parallel simulation platform, to explic-
itly model the multiscale and nonlocal interactions.
The rest of the paper is organized as follows. Section 2 introduces

the simulation model, including the lattice model and the L–J
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potentials. Model validation with benchmarked wrinkle formation
and evolution is presented in Sec. 3. Section 4 is dedicated to com-
paring the two-dimensional (2D) cylindrical adhesion from simula-
tions and analytical solutions. Section 5 presents examples of
adhesion with surface wrinkles and studies the pull-off force of
the wrinkled surface with varied compressive strains and adhesion
energies. Finally, some concluding remarks are given in Sec. 6.

2 Simulation Model
In this paper, we focus on 2D structures under the plane strain

condition (Fig. 1(a)). We use the lattice model to describe the non-
linear deformation of the substrate and film and describe the adhe-
sion between an indenter and elastic bodies with Lennard–Jones
potential, which is both available in LAMMPS.
To model the adhesion, we employ the standard 12/6 Lennard–

Jones (L–J) potential, defining a pair interaction between particles
on the indenter and in the elastic body (Fig. 1(b)). The potential
energy between two particles is given by

VLJ = 4ε
σ

r

( )12
−

σ

r

( )6[ ]
, r < rc (1)

where r is the distance between the two particles, ε is the depth of
the energy well, σ is the zero potential energy distance, and rc is the
cutoff distance of the interaction. Here, we only model the indenter
of a single layer of particles, which are uniformly distributed on a
cylindrical surface. To map the pair interaction into the effective
adhesion energy, one can first compute the energy density of the
integral of a solid line and a solid half-space [45], which is a func-
tion of the distance between the line and the surface, D (Fig. 1(b)).
The absolute value of the minimum energy density will give the
effective adhesion energy. Here, we extract the effective adhesion
energy by comparing the simulation results with the classical solu-
tions of cylindrical adhesion to take the discrete effects into account.
Since the substrate and film are regular rectangles, we adopt a

square lattice with the edge length r0= 1 to simplify the model.
The strain energy inside the square element can be computed via
the energies of the six springs and the area change (Fig. 1(c)) as [41]

UE =
1
2
k1(r

2
13 + r224) +

1
2
k2(r

2
12 + r223 + r234 + r214)

+
1
2

K −
2G
3

( )
ln

A

A0

( )( )2

−G ln
A

A0

( )
(2)

where G is the shear modulus, K is the bulk modulus, k1 = 1
3G , and

k2 = 1
6G are the spring stiffnesses. It is important to note that edge

lattices (e.g., r12, r14 in Fig. 1(c)) within the bulk of the materials
are shared by two elements, resulting in a combined contribution
to the spring stiffness, effectively yielding a stiffness value of
2k2. The same framework can also be applied to irregular lattice
shapes [41], although it is not necessary in the current work.
We adopt the “metal” unit system in LAMMPS. To keep the

description simple, we will omit units of different variables in the
following discussion. Since we only focus on the static loading
cases, time scales do not play important roles in our studies. To
compare the simulated results with real-world structures, we can
normalize the stress scale with the substrate shear modulus (G),
the length scale with the lattice edge (r0), the force scale with
Gr20, and the energy scale as Gr30.

3 Model Validation With Wrinkle Simulations
The lattice model has been applied to simulate the nonlinear

deformation of neo-Hookean solids [41–43]. To further test its
applicability to the adhesion of wrinkled surfaces, we first apply
the lattice model to simulate surface wrinkle formation and evolu-
tion of a bilayer structure (Fig. 2) and validate our model with
benchmark solutions. The substrate has a length of L0 and height
of H0 at the undeformed configuration, and the film has a thickness
h of 2. The shear moduli of the substrate (Gs) and film (Gf) are 2 and
200, respectively. The Lame constant K − 2G

3

( )
is set to be 20 times

the shear modulus to model the nearly incompressible condition of
the solid material. The periodical boundary condition is applied to
the left and right surface along the x direction. Here, we choose
L0 as 337 to have eight wrinkles in the simulation box. The substrate
is thick enough (300) to approximate the semi-infinite condition.
The compressive loading is applied by gradually deforming the
simulation box along the x direction. Since we adopt the explicit
time integration in LAMMPS, we pause the deform loading at
each 0.01 incremental strain and further run a long period of relax-
ation simulation after each strain increment to ensure that the struc-
ture is in equilibrium. The details of the simulation can be found in
the LAMMPS job script, which can be found in the link in the Data
Availability Statement.
We present a few simulation snapshots in Fig. 2, which give the

critical wrinkling strain as 0.24 and the onset wrinkle wavelength as
41.11. According to the classical wrinkle instability of a bilayer
structure, the critical wrinkle strain and wavelength are [48]

Fig. 1 The schematic of the simulation framework: (a) a wrinkled bilayer interacting with an
indenter, where the substrate has a length of L and depth ofH, the film has a length of L and thick-
ness of h, the wrinkle wavelength is λ, and the indenter radius is R and (b) The Lennard–Jones
interaction for adhesion. (c) The lattice model for the elastic bodies.
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εw =
1
4

3Gs

Gf

( )2/3

and λw = 2πh
Gf

3Gs

( )1/3

(3)

For the current material and geometrical properties (Gf

Gs
= 100 and

h = 2), we can obtain the theoretical critical strain and wavelength
as 0.241 and 40.4, respectively, which are in great agreement
with our simulated critical strain (0.24) and wavelength (41.11).
We also successfully predict periodical doubling when the compres-
sive strain reaches 0.2 [48–51]. The detailed wrinkle evolution can
be found in Supplementary Video 1 (available in the Supplemental
Materials on the ASME Digital Collection).

4 Model Validation With Two-Dimensional Cylindrical
Adhesion
We next compare our simulations of 2D adhesion of cylindrical

indenter with the analytical solution [52,53], derived from the same
framework of the Johnson–Kendall–Roberts (JKR) model [54]. In
the schematics of the modeling setup (Fig. 3(a)), we omit the
global substrate and only focus on the local structures of the

indenter and substrate near the contact parts. The indenter is a cir-
cular arc with a radius of R, varying from 90 to 400. Symmetry
boundary condition is applied to the left and right surface along
the x direction. Here, we set the substrate length as L0= 1000,
which is much larger than the contact radius (<100), to eliminate
the boundary effect. The substrate material has a shear modulus
of 2 and a Lame constant of 40. The indenter is only a single
layer of particles with an equal spacing of 1. The parameters of
the L–J potential are ε = 0.5, σ= 1.5, and rc= 6 (Fig. 3(a)). We
set a large cutoff value to capture the nonlocal adhesive interaction.
The simulation contains two steps, including indentation and

retraction. In the indentation step, we also employ the moving
and relaxing strategy to the indenter to search for an equilibrium
solution along the loading path. Initially, the indenter is positioned
6 above the substrate to ensure a minimal interaction between the
indenter and the substrate. The indenter is then moved toward
the substrate with an increment displacement of 0.05. We hold
the indenter and let the system run to minimize the total energy.
After equilibrium is reached, we repeat the previous process. In
the retraction step, we reverse the displacement direction of the
indenter and keep the other settings the same.

Fig. 2 Simulated wrinkle formation and evolution using the lattice model

Fig. 3 Simulations of the cylindrical adhesion: (a) the schematics of the indenter and substrate and their zoom-in view of inter-
actions, (b) snapshots of the deformation and stress during the approach and retraction steps, (c) contact force and indentation
depth relationship, (d ) contact radius in terms of the contact force with different indenter radii, and (e) pull-off force and radius in
terms of the indenter radii. Color in (b) indicates σyy.
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For a representative case with R= 200, both pull-in and pull-off
instabilities are successfully captured by our model, ss shown in
Figs. 3(b) and 3(c), which can also be seen from the Supplementary
Video 2 (available in the Supplemental Materials). In addition,
stress contractions are clearly seen at the interfacial tips. Here, we
report viral stresses, which are easy to compute in the molecular
dynamics framework and related to Cauchy stress at the continuum
level [55,56]. We further seek quantitative comparison with the ana-
lytical solutions of the cylindrical adhesion, which predicts the rela-
tionship between the contact force (P) and radius (a) as [53]

P = (πGa2)/R − 2









2πGaγ

√
(4)

where G is the shear modulus, R is the indenter radius, and γ is the
adhesion energy. In this analytical formula, we assume the material
is fully incompressible (e.g., Poisson’s ratio as 0.5). We fit the simu-
lation results of the P− a relationship in Eq. (4) to extract the adhe-
sion energy (Fig. 3(d )). This specific case gives us γ= 1.76. To
verify the value is an interfacial property for given simulation
parameters, we vary the indenter radii in simulation and show the
same adhesion energy (1.76) can accurately predict their adhesion
behaviors. We focus on the comparison of the pull-off force and
the corresponding contact radius. Through minimizing Eq. (4),
the theoretical pull-off force and radius can be expressed as [53]

Pcr = −3
πGγ2R

4

( )1
3

(5)

acr =
γ

2πG

( )1/3
R2/3 (6)

Here, we take the absolute value of the minima of the contact force.
Both simulated and analytical results are presented in Fig. 3(e),
showing great agreement with each other.

5 Tunable Adhesions With Wrinkled Surfaces
After we validate the lattice model simulations with benchmark

solutions of surface wrinkles and 2D JKR solution, we are ready
to simulate the adhesion of wrinkled surfaces. We first run a repre-
sentative case to demonstrate the features of the adhesion at the
wrinkled surface. Then, we systematically vary key parameters,
including the compressive strain and the adhesion energy, to quan-
tify their effects on the tunable adhesion.

5.1 Demonstration of Adhesion of Wrinkled Surfaces. We
demonstrate the adhesion of the wrinkled surface of a bilayer struc-
ture with the same material properties (e.g., (Gf

Gs
= 100 and Gs= 2)

and film thickness (h= 2) as the wrinkle simulation in Sec. 3. To

capture the multiscale nature of the problem, we set the indenter
radius as 2000, much larger than the wavelength (∼40). Accord-
ingly, we increase the substrate length and depth to 2022 and
1000, respectively, to approximate the semi-infinite space. Periodi-
cal boundary condition is applied to the x direction. The bottom of
the surface is constrained along the y direction. The maximum
contact radius is around 400, much smaller than the substrate
length, although the indenter radius is comparable to the length.
The parameters of the L–J potential are ε = 0.5, σ= 1.5, and rc= 6.
The simulation consists of three steps, including compressive

wrinkling, indentation, and retraction (Fig. 4(a)). In this example,
we apply 15% compressive strain to trigger wrinkles. A dynamic
process can be seen in Supplementary Video 3 (available in the
Supplemental Materials), from which we can observe discontinuous
detachments of individual wrinkles from the indenter. Correspond-
ingly, the contact force will have a jump due to the sudden release of
a contact point (Fig. 4(b)). On the contrary, the contact force
changes smoothly for the flat surface. Similar force jumps have
been experimentally observed and theoretically predicted in rough
adhesion [29,31,33,36,38]. Another interesting observation is that
pull-in instability is largely suppressed at the wrinkled surface.
This can be attributed to the contact splitting that prevents the con-
tinuous growth of the contact area when the indenter approaches the
substrate.

5.2 Adhesion of Surfaces With Varied Wrinkle Amplitude
and Morphology. To gain a comprehensive understanding of the
impact of surface wrinkles on adhesion, we conduct simulations
of various bilayer structures under different compressive strains.
This will lead to variations of wrinkle amplitude and wavelength
(Fig. 5(a)) and morphology, such as sinusoidal wrinkles at small
strains and periodical doubling at large strains (Fig. 2). In addition,
stress states in the structure will also be changed, making it more
complicated than a purely geometrical variation. We also increase
the film thickness from 2 to 4, which gives a higher resolution of
the wrinkle simulation. It should be noted that the bending stiffness
of the film also increases, except for the changes in the wrinkle
wavelength. The parameters of the L–J potential are ε = 0.1, σ=
1.5, and rc= 6.
We present plots of contact forces in terms of indentation depths

for three strain values (0%, 5%, and 10%) in Fig. 5(b). Discrete
force jumps can be observed for wrinkled surfaces, consistent
with the simulations in Sec. 5.1. Compared to the flat bilayer struc-
ture, the wrinkle bilayer has a larger pull-off force at 5% compres-
sive strain and a smaller pull-off force at 10% compressive strain
(Fig. 5(b)). At 5% strain, the wrinkle amplitude is small so that
the real contact area is enlarged, leading to an enhanced adhesion
(left in Fig. 5(c)), which has been reported for rough surfaces and
wrinkled surfaces [15,21,31,38]. At 10% strain, the wrinkle

Fig. 4 Adhesion simulation of the wrinkled surface: (a) simulation steps and (b) contact force in terms of the
indentation depth for wrinkled and flat cases. Color in (a) indicates σyy.
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amplitude is large and thus reduces the real contact to a few contact
points, which weakens the adhesion (right in Fig. 5(c)). Similar
weakening adhesion has been shown in several wrinkled surfaces
[16,24]. We further continuously vary the compressive strain
from 0% to 20% and show surface wrinkles first enhance and
then decrease the adhesion, which reaches a plateau when the
strain value is larger than 10% (middle in Fig. 5(c)). It is also inter-
esting to note that periodical doubling (20% compressive strain)
will not change the adhesion a lot compared to the sinusoidal
wrinkles.

5.3 Adhesion of Surfaces With Varied Adhesion Strength.
The previous simulations are based on a fixed adhesion energy
and varied wrinkle amplitudes and morphologies. It is also impor-
tant to examine the adhesion behaviors of a given wrinkled struc-
ture at different adhesion energy. Here, we fix the compressive
strain value as 10% and gradually change the depth of the
energy well, ε, in the L–J potential to tune the adhesion energy.
Representative adhesive interactions with different ε are shown
in Fig. 6(a). As shown in Figs. 6(b) and 6(c), surface wrinkles
reduce the pull-off force for small ε and increase the pull-off

Fig. 5 Adhesion of surfaces with varied wrinkle amplitude: (a) representative con-
figuration of the bilayer structure at different compressive strains, (b) contact force
in terms of the indentation depth at different compressive strains, and (c) normalized
pull-off force in terms of the compressive strain and the configurations of enhanced
and weakened adhesion. Color in (c) indicates σyy.

Fig. 6 Adhesion of a wrinkled surface with adhesion energy: (a) Representative interaction forces of different depths of the
energy well, ε, in the L–J potential. (b) Contact force in terms of the indentation depth for ε= 0.25. (c) Contact force in terms of
the indentation depth for ε= 1.0. (d ) Normalized pull-off force in terms of ε. (e) Simulation snapshot at the pull-off instability
point for ε= 0.25. (f ) Simulation snapshot at the pull-off instability point for ε = 1.0. Color in (e) and ( f ) indicates σyy.
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force for large ε. For the given wrinkled surface, we identify a crit-
ical ε ≈ 0.5 for enhancing or weakening the adhesion. The weak-
ening mechanism is the reduction of the contact area and
consistent for small ε (0.1 for Figs. 5(c) and 0.25 for Fig. 6(e)).
For large ε and wrinkles with large amplitudes, increased adhesion
can also be achieved even without the increase in the contact area
(Fig. 6( f )). This provides another adhesion-enhancing mechanism
and is likely due to the crack trapping effect, which has been
observed in the adhesion of substrate with fibrillar structures
[57] and wavy surfaces [31].

6 Conclusions
We have developed a simple yet versatile simulation method that

enables us to comprehensively understand the mechanisms underly-
ing the enhancement and weakening of adhesion in wrinkled sur-
faces. Our model is based on the integration of a lattice model for
deformable wrinkled surface and substrate and L–J nonlocal inter-
actions for adhesion in the framework of molecular dynamics. All
the simulations are performed with LAMMPS, which is highly effi-
cient in parallel simulations and thus powerful to explore compli-
cated adhesion problems. We first validated the proposed model
through benchmark simulations of wrinkles in a neo-Hookean
bilayer and cylindrical adhesion. We then systematically study the
pull-off force of the wrinkled surface with varied compressive
strains and effective adhesion energies for flat substrate. Our simu-
lations can successfully capture the pull-in and pull-off instabilities
of the adhesion at flat surfaces and force jumps of the adhesion at
wrinkled surfaces. Our results further reveal the competing effect
between the adhesion-induced contact and the roughness due to
wrinkles on enhancing or weakening the adhesion. The weakened
adhesion happens for cases with large-amplitude wrinkles and
low adhesion energies, due to the decrease of the contact area.
Two possible adhesion-enhancing mechanisms are identified
when wrinkle amplitudes are small and adhesion energies are
high, including the increase in the contact area and crack trapping.
Our findings are in good agreement with previous studies of the
adhesion of wrinkled surfaces and rough surfaces.
The developed modeling framework also opens opportunities to

investigate the tunable adhesion of other surfaces with different
instability patterns. For example, hierarchical wrinkles [58–60]
have been successfully fabricated and shown to provide more
freedom to tune the wetting properties and structure light. The mul-
tilevel wrinkles may have synergistic effects on enhancing or weak-
ening the adhesion, where our simulations can be very helpful to
identify the critical design parameters. 2D Surface wrinkles
[61–67] exhibit even richer controlled surface morphologies and
thus provide more freedom to tune the adhesion. 3D Lattice
models have been implemented in LAMMPS [68] and are ready
to study the adhesion of 2D wrinkled surfaces. Surface wrinkles
are only a subset of ruga phases [51,69,70], which also include
creases [71–73], folds [74,75], or ridges [48,76]. It will be of
great interest in exploring the tunability of adhesion of different
ruga phases.
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