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Tunable surface morphology via patterned cavities in soft materials
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There is a rich diversity of surface topologies controllably engineered by patterning cavities embedded beneath
the surface of soft materials. Upon external compression, the surface undergoes the reversible transformation
from the flat surface to various surface topographies, including a periodic checkerboard pattern with alternate
convex and concave features. To design the surface features, both two- (2D) and three-dimensional (3D) finite
element based simulations are performed. It is demonstrated that the periodic surface features with controllable
morphology, such as one-dimensional waves, checkerboard pattern, and mutually perpendicular apexes, etc., can
be realized through varying cavity geometries (e.g., relative intercavity distance, shapes, and biaxial or uniaxial
load). Additionally, a simple model for plate buckling is used to elucidate the effect of cavity aspect ratio on
the surface pattern. Based on 3D printed prototypes, we further conduct experiments to validate the simulation
results of 2D morphologies. The patterned cavities in soft materials make designing a variety of reversible surface
features possible, offering an effective fabrication approach for wide application across multiple scales.

DOI: 10.1103/PhysRevE.98.063004

I. INTRODUCTION

Surface features play a significant role in the behaviors
of natural and biological systems [1–3]. For example, folds
in the brain help enhance intellectual capacity and furrows
grow on plant surfaces during the aging process. In engi-
neering systems, various methods have been developed to
engineer such surface topologies, including periodic wrinkles,
random bumps, and local creases. It has also been shown that
the reversibility of these features allows not only extensive
applications in optics [4] and flexible electronics [5], but
also in tuning the properties of surface adhesion [6] and
hydrophobicity [7], etc. Recent studies have focused on the
stressed layered systems and the sinusoidal pattern of wrinkles
[1]. More fascinating wrinkling patterns including stripes, her-
ringbones, zigzag labyrinths [8,9], and buckyballlike features
are obtained by tuning anisotropic stress in bilayers [10–12].
Beyond wrinkles, a variety of surface localizations, including
folding [13,14], ridging, and delaminated buckling, were also
observed [3,15–17].

Defects (for example, voids, rigid elements) have tradition-
ally been regarded as imperfections that affect the formation
of surface wrinkles or localizations [18,19]. Conversely, re-
searchers have recently utilized the prepatterned holes and
rigid particles to produce new intriguing surface features in bi-
layers [20,21]. In addition, the composite of soft material with
embedded particles was studied to allow the controllability
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of surface topographies [22]. While this study benefits many
applications, the features are local. Despite extensive works
on engineering the surface of composite systems, limited
studies focus on homogeneous materials.

Here, we focus on the cavity-embedded soft materials
(CESMs) with prepatterned cavities below the surface. The
design of cavity patterns opens an avenue to exploit periodic
surface features in homogeneous materials under external
in-plane compression. Through finite element calculations,
the surface morphology is found to be controllable by the
shape and spacing of intercavities when the soft materials are
subjected to external stimuli. Our parallel experiments based
on 3D-printed prototypes consolidate the simulation results.
Thus, this method enables the reversibility and continuity of
surface changes and is applicable for structures and materials
across multiple length scales.

Numerical model. Both the two- (2D) and three-
dimensional (3D) nonlinear numerical simulations were per-
formed through the commercial software ABAQUS to investi-
gate the changes of surface features. The CESMs were mod-
eled as a nearly incompressible material using neo-Hookean
constitution, which has initial shear modulus G = 0.50 MPa
corresponding to the commercial rubber (TangoPlus) used in
the experiments. Periodic boundary conditions were applied
to the lateral sides. Neither vertical displacement nor shear
traction was allowed on the bottom surface.

II. EXPERIMENTAL METHODS

The physical prototypes were fabricated by an Ob-
jet500 Connex 3D printer. The prototypes were made of
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FIG. 1. (a) The top figure: a representative segment of a CESM
under a global compressive strain and with labeled geometrical
dimensions; the bottom figure: the experimental setup of uniaxial
compressing of the 3D printed material. (b) The phase diagram of
simulated surface textures with respect to the uniaxial compressive
strain and value of α, while β is set to be 0.2.

photosensitive polymeric materials, TangoPlus. We conducted
the uniaxial compression tests with a ZwickRoell Z2.5 me-
chanical tester. To ensure plane strain conditions in the com-
pressive test, the samples were sandwiched between two
optically clear acrylic plates and another plate was placed
below the samples. The friction between the plates and the
sample was reduced by using mineral oil. Twenty percent
global compressive strain was applied to each sample with a
strain rate of 0.0005 s−1. A high resolution camera was placed
in front of the sample and took a picture every minute.

III. RESULTS AND DISCUSSIONS

A. 2D modeling

We start from the 2D representative segment of CESMs
shown in Fig. 1(a). Underneath the top surfaces, there is one

row of circular cavities with diameter a1, intercavity spacing
b1 and depth c. We construct the dimensionless parameters:
relative intercavity spacing α = b1−a1

a1
, relative distance from

the surface β = c
a1

. When subjected to increasing uniax-
ial global compression εu

g , two representative CESMs with
different intercavity distances show different morphological
evolutions, with the phase diagram illustrated in Fig. 1(b).
When the relative intercavity distance is small, for example,
α = 0.1, the initially flat surface transits from local bumps to
periodic waves with the wavelength of doubling cavity spac-
ing, followed by one cavity collapsing. Upon the global strain
reaching 6.8%, the array of cavities suddenly transforms into a
periodic pattern of alternating, mutually orthogonal ones. This
buckling mechanism should be responsible for the periodic
surface feature and the cavity collapsing release under further
compression. However, because the interaction between ad-
jacent cavities in the CESMs with larger intercavity distance
(α = 0.45) is small, only local ridges right above the cavities
are formed. Further compression (up to 45%) induces the
closing of the cavity and the high amplitude-to-wavelength
ratio ridges, which allows the application in superhydrophobic
coatings. The amplitude is half of the distance between the
peak and the valley in the surface buckling texture, and the
wavelength is the closest distance between peaks. Further-
more, the transition value of relative intercavity spacing, α =
0.25, can differentiate the two deformation mechanisms.

To validate the simulation results, we fabricated the cavity-
embedded substrate samples using 3D printing and com-
pressed them by only 25% global strain to avoid global
buckling of samples, illustrated in the bottom of Fig. 1(a).
The images of surface patterns for both α = 0.1 and α =
0.45 were captured by a camera. As shown in Fig. 2(a), the
morphological evolutions for these two samples undergoing
increasing compression are qualitatively consistent with those
simulation results in Fig. 1(b). Quantitatively, the critical
global strain for intercavity instability in the experiment is
6.0% for α = 0.1, which matches well with the simulated
value of 6.8% above. The small deviation may be attributed to
the nonperiodic boundary conditions at the compressor heads
and the dynamic effect induced by the relatively high loading
rate. Furthermore, we plot the experimental and simulated
results of the amplitude-to-wavelength ratio for α = 0.45 as

FIG. 2. (a) Experimental surface evolutions of 3D-printed CESM prototypes with different values of α, while β is set to be 0.2. (b) The
comparison of amplitude-wavelength ratio between the simulation and experiment for α = 0.45.
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FIG. 3. Schematics of representative CESMs with patterned
cuboidal cavities. The characteristic geometrical dimensions are
labeled.

the global strain increasing in Fig. 2(b), indicating quantitative
agreement between the experiment and simulation. Therefore,
the controllability of surface morphologies through varying
global strain and geometrical parameters offers an alternative
strategy to reversibly and repeatedly switch surface topogra-
phy by involving embedded cavities within a soft material.

B. 3D modeling

To investigate more fascinating surface patterns in soft
materials, 3D cavities with different shapes are introduced
underneath the material surfaces. The exemplary 3D segment

of CESM shown in Fig. 3 includes cuboidal cavities. Note
that other geometries for cavity can also be embedded, for
example, spherical cavities. We construct the dimensionless
parameters: relative intercavity spacing αi = bi−ai

ai
(i = 1, 2),

relative distance from the surface β = c
a2

, and aspect ratio γ =
a1
a2

, to study the effect of cavity geometry on surface features.
Based on the finite element simulation, the morphological
evolutions of 3D CESMs undergoing either uniaxial εu

g or
biaxial compressive strain εb

g are studied.
Figure 4(a) shows the diagram of cross sections of CESMs

with cuboidal cavity patterns with respect to the uniaxial
compressive strain and the geometrical parameter γ . In the
case of γ = 1, the surface stays flat until the critical compres-
sive strain reaches 5.5%, and then the checkerboard pattern
is triggered by the mechanical buckling, forming the alter-
nate concave and convex feature shown in Fig. 4(b). The
compressive strain in the plates is released by out-of-plane
bending deformation; further compression still maintains this
topology but increases the amplitude. As shown in the side
views of deformed CESMs in Fig. 4(a), the instability-induced
transformation of the original cavity geometry should be
responsible for the checkerboard pattern with the wavelength
of 2a1. However, for the cavities with aspect ratio γ = 2, the
high-order checkerboard pattern with the wavelength of a1

occurs first at the critical strain of 7.2% shown in Fig. 4(a).
At 14%, two checkerboard surface textures with different
wavelengths are demonstrated in Fig. 4(c).

To address the effect of aspect ratio on surface pattern,
we adopt a simple stability analysis. A plate with lateral
periodicity (the thickness of t , length of a1, and width of
a2), right above the cavities, is adopted for analysis and
subjected to uniaxial compression in the a1 direction. The
critical membrane force in the length direction for buckling is

calculated as Nxcr = π2D

a2
1

(m + 1
m

a2
1

a2
2
)2, where D is the bending

FIG. 4. (a) The phase diagram of simulated surface textures (cross sections) with respective to the uniaxial compressive strain and value of
γ , while β is set to be 0.2 in the cuboidal cavity-embedded CESMs. (b) The surface morphologies of cuboidal cavity-embedded CESMs for
γ = 1 and γ = 2 at the uniaxial global compression of 14%. (c) Theoretically critical membrane forces of plates for different buckling modes
m as a function of the aspect ratio γ of cuboidal cavity.
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FIG. 5. The surface morphologies of cuboidal cavity-embedded
CESMs with α undergoing the same biaxial global compression of
12%.

stiffness of the plate and m refers to the number of half
wavelengths of the buckling plate [23]. The relation of Nxcr

with a1/a2 is plotted in Fig. 4(c) for different values of m.
It is illustrated that the critical force for m = 1 is smaller
than that for m = 2 in the case of a1

a2
= 1, which explains the

preference of the checkerboard pattern with wavelength of 2a1

as applying uniaxial compression in our simulation. However,
the buckling mode of m = 2, corresponding to the wavelength
of a1, is illustrated to occur preferably when the aspect ratio is
2. It is consistent with our simulation result shown in Fig. 4(a).
Although vertical walls in between cavities are not considered
in this model, the qualitative agreement with the simulation
results emphasizes the significance of cavity aspect ratio on
buckling patterns.

Besides the aspect ratio, other parameters of the cavity
can be used to switch the surface topologies, including load-
ing strategies and cavity shapes, etc. Figure 5 shows the

surface patterns of CESMs at 12% biaxial compressive strain
for values of α = 0.15, 0.85, and 2.5, and all cavities are
kept cuboidal. With increasing relative intercavity spacing,
the surface topology varies from checkerboard pattern to
alternating mutually orthogonal peanuts, followed by local
features: quadrangular bumps. The mechanism changes from
buckling-induced intercavity instability to local deformation
due to weaker interaction between cavities in the case of larger
α value.

We further study the effect of cavity shape and row number
on the topological evolution of CESMs under different load-
ing conditions: uniaxial and biaxial compression. The inter-
cavity spacing, relative distance from the surface, and aspect
ratio are set to be constant for all cases. Figure 6(a) presents
the results of surface topology for a spherical cavity with a
square lattice and biaxial global compression, and shows the
square array of convex bump transforms into alternating mu-
tually orthogonal peanuts when the global compressive strain
increases from 13% to 16%. However, the surface patterns
with larger bumps followed by alternating mutually orthog-
onal ellipses are observed when we initially introduce hemi-
spherical cavities, which are demonstrated in Fig. 6(b). This
difference is mainly due to the center of hemispherical cavity
being closer to the top surface compared to the spherical
cavity scenario when the value of β is the same. Furthermore,
the row number can be used to change the surface topography.
We arrange a single row of cavities in line with the loading
direction. The surface morphology in Fig. 6(c) is similar to
those in Fig. 6(a) for the square array of spherical cavities,
but the hemispherical cavities induce a nonsymmetric surface
pattern at the global strain of 24% in Fig. 6(d), which is very
different from the square array of hemispherical cavities under
biaxial compression. This transition from a symmetric into
a nonsymmetric surface is caused by the instability of the
cavities underneath. It is found that the instability occurs upon
reaching a critical compressive strain. Although our results
demonstrate that a single row of cavities is able to trigger the
symmetric to nonsymmetric surface morphology transition,
there are other potentially important parameters for tuning the

FIG. 6. The surface morphologies of CESMs with square patterns of (a) spherical and (b) hemispherical cavities undergoing different
biaxial global compression. The surface morphologies of CESMs with one column of (c) spherical and (d) hemispherical cavities undergoing
different uniaxial global compression.
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surface morphology, including heterogeneous shapes, mixture
of cavity and hard particles, and cavity patterns, which will be
subjected to further study.

IV. CONCLUSION

In this study, a series of 2D and 3D surface topographies
are created in soft materials with an embedded cavity ar-
ray. Both simulation and experimental efforts confirm that
by varying the geometries of cavities (sizes, shapes, arrays)
and loading methods (uniaxial and biaxial compression), we
can dynamically tune the surface evolutions. The variety of
overall and local morphologies is revealed to be based on
the intercavity instability and local deformation of top plates,
respectively. The flexibility provided by CESMs underpins a

novel design of tunable surface patterns that can be applied
to multiscale applications. The tunable surface topography al-
lows optimization of chemical and physical properties in real
applications which need dynamically controllable surfaces.
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