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a b s t r a c t

Film structures have been widely used in flexible electronics, material science, metrology, biomedical
engineering and aerospace engineering. When a thin film is loaded with compressive stresses, buckling
accompanied by wrinkles is likely to occur under constrained boundaries. Many previous studies have
focused on the wrinkling mechanism of a free-standing film or a film–substrate structure, in which
compressive stresses in the film are caused by the mismatch between the film and the imposed
constrains from its boundaries or the substrate. Instead of using the homogeneous substrate, here
we propose a film-lattice structure consisting of a thin film bonded to a bottom-supported lattice. By
controlling the buckling of the lattice structure, a distribution of compressive loads can be applied
to the film, finally resulting in the generation of periodic wrinkles. Physical mechanism on the
buckling-driven wrinkle pattern is investigated with the increasing loading. Dimensionless parameters
and their effect on governing the wrinkling mode are also analyzed numerically. The exploration on
features of the wrinkles on the film shows that the wrinkle pattern can be controlled by designing the
lattice substrate. Our works could help understand the wrinkling caused by the buckling of a complex
substrate and guide the harnessing of wrinkles in the design of new materials and structures.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Thin films are ubiquitous in nature, such as the surface of
lotus leaves, human skin, and small intestine mucosa [1,2]. Since
thin film structures have the characteristics of light weight, small
folding volume and flexible deployment, they are advantaged
for applications in flexible electronics, material science, biomed-
ical engineering and aerospace engineering [3–5]. Owning to
their negligible bending stiffness, thin films are prone to wrinkle
when undergoing compressive stresses with appropriate con-
strains, further reducing strain energy by morphing from a com-
pression state to a bending state [6,7]. On one hand, wrinkles will
change mechanical performance of the film structure [5,8]. On the
other hand, wrinkles can be harnessed to increase the ductility
of the electronic devices and measure mechanical properties of
some micro/nano materials [9,10]. Early work on wrinkling can
be traced back to 1929 when Wagner studied the wrinkles on
metal sheets [11–13]. Then, a body of theoretical, numerical and
experimental studies were performed to study the wrinkling
morphology of thin films under various loading conditions [14–
17]. Later, with the increasing demand for controlling the surface
pattern of thin films, interests in controlling the characteristics
of wrinkle patterns, including wavelength, amplitude and their
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evolution with loadings, have received much attention in fun-
damental research and in practical engineering. The wrinkling
of film–substrate structures was studied and the wrinkle mor-
phology was controlled by changing the way of the substrate
shrinkage of or engraving micro-patterns in the substrate [18–
22]. In addition, the stress distribution in a film was also changed
to suppress wrinkles or generate different wrinkle patterns by
perforating the film [23,24]. In previous studies, the structure of
a thin film bonded to a homogeneous substrate is widely used.
When the structure is deformed under an external stimulus, the
mismatched deformation between the film and the substrate will
transform the stimulus into uniform surface traction distributed
at their interface. The tunability on winkling pattern of the film
is limited and novel mechanism on the controllable winkling
pattern is required. Instead of using a homogeneous substrate, by
designing microstructure of the substrate, complex loads can be
generated on the film and further utilized to form desired wrinkle
patterns. So far, the study on the wrinkling of a thin film bonded
to a substrate with microstructures is little reported.

Here we propose a film-lattice structure consisting of a thin
film bonded to a bottom-supported lattice and a physical mecha-
nism on the buckling-driven wrinkle pattern is investigated with
the increasing loading. When the film-lattice structure expands
under an external stimulus, the film can form complex periodic
wrinkle patterns. Compared with a homogeneous substrate, the
lattice generates periodic sinusoidal loads instead of uniform
surface traction on the film. We numerically study the effect of
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Fig. 1. Schematic of the film-lattice structure and its wrinkle pattern. (a) A film-lattice structure consists of a lattice with crossed slender walls fixed on a rigid
ground and a thin film bonded to the top of the lattice. (b) Boundary condition and thermal loading applied on the structure. Wrinkle patterns and the corresponding
lattice buckling modes: (c) wave number n = 1 and (d) n = 2.

material and geometric parameters on the wrinkle pattern and
analyze the mechanism of the sinusoidal loads caused by the
buckled lattice. At last, we study the evolution of wrinkle pattern
and its wavelength with increasing external loads and discuss
the underlying mechanism. Our work on the film-lattice structure
could be used to guide the suppression of wrinkles or to generate
complex wrinkle patterns for the design of new materials and
structures.

2. Methods

As shown in Fig. 1a, our film-lattice structure comprises a
soft thin film, which is bonded to a bottom-supported lattice
substrate. The film in thickness tf is made of a homogeneous
material of Young’s modulus Ef and Poisson’s ratio νf . The crossed
thin walls that construct the unit cells of the lattice substrate have
dimensions of l in length, h in height, and tl mm in thickness,
with El and νl as the Young’s modulus and Poisson’s ratio of the
material, respectively.

The deformation of this system is initially driven by the uni-
form expansion of the lattice, and the corresponding strain is
denoted by ε. Constrained by the rigid support at the bottom,
the slender walls are compressed in plane. Therefore, when the
expansion strain reaches a critical value, buckling of the walls
occurs, resulting in wrinkling of the thin film under distributed
loads imposed by the buckled lattice.

We perform numerical simulations using the finite element
modeling (FEM) package ABAQUS/Standard to study the mechan-
ical response of this film-lattice structure. The film and lattice
are modeled by linear elastic materials. The film is bonded to the
top of the lattice using tie constraints, where no relative motion
is allowed. The bottom of the lattice is fixed on a rigid support
(Fig. 1b). Both the lattice and film are meshed using S4R shell
elements. To apply an increasing uniform expansion strain to
the lattice, we impose different temperature increments in the
lattice whose coefficient of thermal expansion is α = 1e−4/◦C
and the steady state of the film-lattice structure is considered.
The number of elements in each wall and film is 125 and 625,
respectively. A mesh sensitivity study has been performed to

ensure that the mesh is sufficiently fine. Buckling modes of the
lattice are extracted through eigenvalue buckling analysis. To
trigger the buckling of the structure in geometrically nonlinear
analyses, the first four buckling modes are then imposed into
the model as initial geometric imperfections, whose amplitudes
are 1%tf , 0.25%tf , 0.063%tf , and 0.016%tf , respectively. An artificial
damping is adopted to facilitate the convergence of solutions by
setting a stability factor of 2 × 10−8. Through FEM, we can obtain
the deformation of the film-lattice structure in pre-buckling and
post-buckling.

3. Results

As shown in Fig. 1c, a film-lattice structure containing 8 × 8
unit cells is analyzed by FEM. We take the dimensionless material
properties and geometric parameters of the structure as El/Ef =

300, νf = 0.3, νl = 0.3, and tf /l = 0.005, h/l = 0.6, tl/l =

0.04, respectively. Expansion strain ε is imposed in the bottom-
supported lattice by raising the temperature, which results in
buckling of the walls of the lattice at a critical point. Then, the
buckled lattice drives the film to wrinkle, exhibiting a periodic
wrinkle pattern, as shown in Fig. 1c. The wrinkles are parallel
to each other in the unit cell, while orthogonal in two neigh-
boring unit cells. In comparison, as the aspect ratio of the wall
decreases, i.e., h/l = 0.4, a different wrinkle pattern with chiral
features is observed, as shown in Fig. 1d. The wall of the lattice
undergoes a second order buckling mode, where we can find two
half waves on each slender wall. Since the second order buckling
mode breaks the symmetry of unit cells, the film mainly near the
edges of the wall shows chiral wrinkle pattern. Comparing the
two representative cases, we find that the buckling mode of the
lattice plays an important role in the morphology of wrinkles.
The restriction from the fixed boundary at the bottom of the
lattice becomes stronger as the aspect ratio of the wall decreases.
As a result, the wall buckles in a higher mode. The change of
buckling mode of the lattice produces a qualitatively different
wrinkle pattern in the film. Different with the previous studies
on the wrinkling of film–substrate structures, the winkles here
are induced by the buckling of the lattice substrate. We provide
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Fig. 2. Wrinkling modes and phase diagrams of film-lattice structures with different material and geometric parameters. (a) Periodic model of the film-lattice
structure and equivalent model of the walls in the lattice. (b) Wrinkle patterns of n = 1, n = 1 and n = 2, n = 2, n = 3. U3 is the out-of-plane displacement of
the thin film. (c–e) Phase diagrams of wrinkling modes in the parameter space of (c) El/Ef versus l/h, (d) El/Ef versus l/tl , and (e) El/Ef versus tf /l. The yellow region
represents the phase of the mixed mode of n = 1 and n = 2. . (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

a method to generate various wrinkle patterns in a thin film by
controlling the buckling mode of its lattice substrate.

Since the wrinkles in the film exhibit a periodic pattern, we
simplify our model to a 2 × 2 unit cell with periodic boundary
conditions imposed on each side (Fig. 2a). For the film-lattice
structure, four dimensionless parameters El/Ef , tf /l, tl/l, and h/l are
considered to investigate their effects on the pattern of wrinkles,
while the Poisson’s ratios of both the film νf and lattice νl are
fixed at 0.3. We analyze the wrinkling mode by FEM simulations
and find that different types of wrinkling mode can be distin-
guished by the number of half waves n in the buckled walls
(Fig. 2b). U3 represents the out-of-plane displacement. When n =

1, the wrinkles in the film are straight as shown in Fig. 2b, which
are perpendicular in two neighboring unit cells. For the mode
n = 2, chiral wrinkles appear mainly near the edge of the unit
cell. A higher order mode (n = 3) and a mixed mode (n = 1
and n = 2) are also observed. In the mixed mode, the number
of half waves in the lateral direction of wall is 2, while in the
longitudinal wall is 1, resulting in the lateral wrinkle period of
2l and longitudinal wrinkle period of l. On the other hand, in
wrinkling mode n = 3, all the walls in the unit cell exhibit third
order buckling mode, resulting in wrinkles on the film with three
half waves. The wrinkle in n = 3 has the same period l as mode
n = 1, but shows chirality in the opposite direction between two
neighboring unit cells compared with the wrinkle mode of n = 2.

Scaling law is a common method to investigate the relation-
ship between the wrinkle pattern and material and geometric
parameters. By fitting the data of critical points when structure

buckling, the power relationship between the wavelength and
amplitude of the wrinkles and the structural parameters can be
revealed [7,10,20,24]. We present phase diagrams (Fig. 2c–e) to
visualize the relationship between the dimensionless parameters
and the wrinkling modes. We first vary l/h in the range from 1
to 4.5 and corresponding ratios of El/Ef in the range from 1 to
800. The phase diagram of the wrinkling mode related to the
El/Ef and l/h is shown in Fig. 2c. Points in the phase diagram
represent critical parameters when the wrinkling mode changes,
which divides the phase diagram to four regions by three fitting
curves. The fitting function shows the relationship between these
two parameters as El/Ef = [a + b (l/h)]/[1 + c (l/h) + d (l/h)2].
With the increasing El/Ef , the phase boundaries get close to two
asymptotes l/h = 2.32 and l/h = 4.02, which are given by
the buckling of the lattice without the film bonded on [25]. It
means that as the film becomes compliant, the deformation of
the film has little effect on the lattice, thus, the buckling mode
of the structure will degenerate into a single lattice without the
film. The phase diagram of wrinkling mode related to El/Ef and
l/tl is shown in Fig. 2d. We select different values of l/tl ranging
from 35 to 65.14 and values of El/Ef ranging from 68 to 635.
The fitting function shows a cubic relationship El/Ef ∝ (l/tl)3
between these two parameters. As l/tl increases with fixed El/Ef ,
the wall becomes slenderer, resulting in a higher order buckling
mode and wrinkling mode. Fig. 2e shows the change of wrinkling
mode when tf /l and El/Ef are varied. The El/Ef changes with tf /l
linearly. As t f /l increases, the film imposes a strong constraint
on buckling of the lattice. Therefore, the lattice exhibits a higher
order buckling mode.
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Fig. 3. Evolution of wrinkle pattern of the film-lattice structure under different strains. (a) Wrinkle profiles of the film when strain increases from 0.20% to
1.00%. (b) Wrinkle amplitude as a function of strain. (c) Wrinkle morphologies at different strain levels. U3 is the out-of-plane displacement of the film.

In conclusion, material and geometric parameters are divided
into two groups. One is parameter that only related to the geome-
try of lattice, like l /h, l/tl. These parameters influence the buckling
mode of lattice. The other is the parameters that represent the
interaction between film and the lattice, like El/Ef and tf /l. As the
Ef or tf increases, which means stronger interaction are generated
on the lattice, the lattice will be buckling at a higher order. But if
the film is too compliant to constrain the lattice, the lattice tends
to undergo a lower order buckling. Compared with the lattice
without a film, the buckling mode of our film-lattice structure
is not only related to the aspect ratio of lattice and the length
of unit cell, but also to the ratio of Young’s moduli between the
film and lattice. When the geometry and material of the lattice
are fixed, the buckling mode of the structure can still be changed
by selecting the modulus of the film. According to the phase
diagram, different wrinkling modes can be generated by adjusting
the explored parameters.

After the wrinkles are triggered in the film, we gradually
increase the load and extract its corresponding wrinkle pattern
in the simulation, in order to observe the growth of wrinkles.
Here, we focus on the mode n = 1 which has a regular wrinkle
pattern. The evolution of the film profile along the centerline
perpendicular to the wrinkles and the maximum amplitudes with
increasing strain are shown in Fig. 3a and b, respectively. Wrinkle
patterns at 6 different strain levels are shown in Fig. 3c in details.

From Fig. 3, as the strain increases from 0.2% to 0.8%, the wrinkle
amplitude increases. However, when the strain further increases
to 0.85%, the wave number of the wrinkle pattern jumps from
5 to 7 and the wrinkle amplitude abruptly decreases. Instead of
increasing the amplitude of the existed wrinkles, more winkles
can be triggered in the film as a response to the increasing strain.

Since the lattice sinusoidal loads are imposed on the film
when the film-lattice structure buckles, we remove the lattice
and apply sinusoidal displacements directly on the boundaries of
the film. Compressive displacements in a sinusoidal distribution
with a period of 10 mm are applied to the upper and lower ends
of the film. The displacement is maximum at the middle point
of the side and 0 at the corners. Meanwhile, the left and right
sides are tensioned with the same amplitude and distribution
of displacements. The nominal strain in terms of the maximum
displacement applied on the sides represents the loading level.
The results of wrinkle pattern and its profile along the center line
of film perpendicular to the wrinkles are shown in Fig. 4a and b.
As shown in Fig. 4a, when the strain increases to 10%, the wrinkle
pattern has 9 half waves with the maximum amplitude close
to the upper and lower ends of film. From Fig. 4b, the wrinkle
amplitude increases with strain until it suddenly drops at ε = 8%
when new wrinkles form.

To compare with the wrinkle pattern of the film under bi-
axial loading, we remove the sinusoidal compressive displace-
ments on the upper and lower ends of the film and impose
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Fig. 4. Wrinkle pattern of a free-standing square film under two types of loading conditions. A square film with sinusoidal displacements imposed at some
edges of the film. Wrinkle pattern of the film (a) stretched in the x direction and compressed in the y direction, and (d) stretched in the x direction and free in
the y direction. (b) and (e) show the wrinkle profiles at different strain levels along the center line of the film corresponding to the two types of loading conditions
imposed in (a) and (d), respectively. The distribution of stresses in the y direction before the wrinkles formed are presented in (c) and (f), under the two types of
loading conditions imposed in (a) and (d), respectively.

free boundary condition. According to the results in Fig. 4d and
e, the wrinkles are centralized in the film and the wrinkle of
maximum amplitude appears at the center. Moreover, the wave-
length decreases and the amplitude monotonically increases with
stretching. We further show the compressive stresses before the
wrinkles formed in the y direction under the two different loading
conditions in Fig. 4c and f. When compressive displacements are
applied to the upper and lower ends, the compressive stress
decreases from the middle to the left and right sides while re-
mains almost constant in the y direction. However, the stress
reaches a maximum at the center and drops toward boundaries
when the upper and lower ends are free. The stress field in the
y direction is consistent with the distribution of wrinkles. In
addition, the compressive loads on the upper and lower end lead
to an increase in wrinkle amplitude, especially near the loading
area. Since the out-of-plane displacement is fixed when applying
the compressive load, the amplitude at the upper and lower end
of film is consistently zero, resulting in a gradient rather than
continuous change in the wrinkle wavelength. By comparison, we
find that biaxial sinusoidal loading is more similar to the driving
force for wrinkling.

The relationship between the wavelength of wrinkles and the
size of film is further investigated. The side length of the film
is varied from 5 to 200 mm and the same biaxial sinusoidal
displacements are applied on the film. From the results shown
in Fig. 5a, wrinkle wavelength increases with film size under all

4 strain levels at ε = {2.5%, 5.0%, 7.5%, 10.0%}. In addition, the
number of wrinkles as a function of strain for the film size of
5 mm and 100 mm are shown in Fig. 5b and c. At the film size
of 5 mm, the wrinkle number changes from 3 to 5 at ε = 0.1%,
and 5 to 9 at the at ε = 10%. In comparison, when film size
increases to 100 mm, the wrinkle number changes from 4 to 30
through 12 discrete stages when strain gradually increases. The
film size does not affect the jumping phenomenon of number of
wrinkles. But as the film size increases, the jumping phenomenon
is more frequent. Notably, the jumping phenomenon of wrinkle
number also exists during unloading but follows a different path,
as shown in Fig. 5c.

4. Conclusions

In summary, we propose a film-lattice structure comprising
a soft thin film bonded to a lattice structure with crossed slen-
der walls. Under isotropic expansion, periodic wrinkle patterns
in the film generated by buckling of the lattice structure are
found. The mechanism on the wrinkling is the biaxial sinusoidal
loading caused by the buckled lattice. Different modes of wrinkle
patterns can be tailored by changing the material properties
and dimensions of the lattice according to the phase diagrams.
The wrinkle wavelength, amplitude and their evolution with the
increasing strain are analyzed and a jumping phenomenon of
wrinkle number is revealed. The mechanism of film wrinkling
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Fig. 5. Effect of the film size on the wrinkle morphology. (a) Wrinkle wavelength versus film size at different strain levels. The number of wrinkles as a function
of strain for a film of side length (b) 5 mm or (c) 100 mm.

driven by the buckling of a lattice substrate discussed in this work
could help understand the wrinkling of thin films under complex
constrains and guide the harnessing of wrinkles in the design of
new materials and structures.
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