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Soft layered systems buckling to form surface patterns has been widely studied under quasi-static
loading. Here, we study the dynamic formation of wrinkles in a stiff-film-on-viscoelastic-substrate
system as a function of impact velocity. We observe a novel spatiotemporally varying range of
wavelengths, which display impactor velocity dependence and exceed the range exhibited under
quasi-static loading. Simulations suggest the importance of both inertial and viscoelastic effects.
Film damage is also examined, and we find that it can tailor dynamic buckling behavior. We expect
our work to have applications to soft elasto-electronic and optic systems and open new routes for
nanofabrication.

Mechanical surface instabilities are commonly ob-
served in soft, solid systems containing interfaces [1] and
can lead to the formation of periodic surface morpholo-
gies, including wrinkles [2–5], ridges [6, 7], and folds [8].
Such surface instabilities are both widely observed in na-
ture [9–11] and have been proposed for use in a variety of
applications, ranging from material property metrology
[12, 13] to flexible electronics [14–16] and nanofabrication
[17]. A canonical setting for exploring such mechanics has
been stiff films layered on a softer substrate [18] (includ-
ing studies where the substrate is liquid [19, 20]). For
the stiff-film-on-soft-substrate system, the surface pat-
terns start as a single wavelength sinusoid, then follow
a known path within increasing strain, dictated by the
material properties, layer thickness, and boundary con-
ditions, which results in period doubling, quadrupling, or
transitions into periodic arrays of folds [8] (such modes
have not been shown for films on liquids).

Studies exploring the dynamic response of stiff-film-
on-soft-substrate systems have introduced further com-
plexity and shown that dynamic loading can lead to pro-
gressive formation, and evolving wavelengths, of the si-
nusoidal surface wrinkling patterns [21–23]. Analogies to
this complexity introduced by dynamic loading can also
be seen by contrasting quasi-static and dynamic buckling
of thin bars [24, 25], filaments [26], smectic bubbles [27],
and films [21, 28] in fluids, albeit their taxonomy is less
diverse than that of stiff films on soft substrates.

In this work, we demonstrate how high-amplitude
dynamic loading of stiff-film-on-soft-substrate systems
yields hitherto unreported surface patterns. As in
Ref. [22], our system consists of a polydimethylsilox-
ane (PDMS) block bonded to a stiffer film (herein we use
a Kapton film, whereas the prior study used a softer,
PDMS film). The system is impacted with a striker
plate, resulting in the propagation of a bulk wave and
initiation of wrinkling patterns on the surface (shown
in Fig. 1). The response was captured via high speed
video, analyzed via digital image processing, and then

modeled using finite element method (FEM) simulations.
In both experiment and simulation, we observe the dy-
namic formation of surface patterns containing numer-
ous, non-integer-multiple wavelengths that evolve across
both space and time, are tunable with striker velocity,
and are shorter than those exhibited under quasi-static
loading. We also study how the presence of even small
amounts of deviation from a flat film profile, such as may
be caused by prior testing or intentionally designed into
the system [29–31] has a drastic effect on the subsequent
dynamic surface morphology evolution.

The PDMS blocks used are of length L = 50.4 mm,
square cross section of side length w = 37 mm, and are
bonded on one side to a stiffer Kapton tape film with a
thickness of t = 102 µm. Six nominally identical samples
[32] were fabricated to perform tests at varying impact
velocities without contaminating the results with poten-
tial damage induced by prior impacts. To confirm compa-
rability between samples, quasi-static compression tests
were performed on each sample. Quasi-static testing past
the point of period doubling was only conducted on “sam-
ple 1” (the sample impacted at 1.9 m/s, see Fig. 1A and
C). Each sample was subsequently tested by impacting
them in their “pristine” state (not previously exposed to
dynamic loading) at speeds varying from 1.9 to 8.9 m/s.
The striker compressed the samples about δL = 8.6±0.1
mm before being halted by stoppers (Fig. 1B). The im-
pact sent a large amplitude, low frequency compression
wave through each sample, which caused the film to form
wrinkles. After imaging the sample at 30 kfps, an edge
detection algorithm was used to track the surface profile
for all images. The low frequency portion of the displace-
ment was subtracted to isolate the wrinkles for further
analysis, and a spatial fast Fourier transform (FFT) was
then performed at each time step.

The described image analysis procedure was used to
obtain the wrinkling amplitude A as a function of quasi-
static strain ε. For convenience, we take ε > 0 as com-
pression. The measured response in Fig. 1C (markers)



2

FIG. 1. A) Pre-impact-test quasi-static compression of “sample 1” yields period doubling behavior. B) The dynamic test
setup. C) Measured (markers) and predicted (dashed lines) quasi-static wrinkle amplitude vs. strain, corresponding to the
test of panel A. After the critical strain (vertical thick dashed line), the period doubled mode (blue, top branch) grows and
the original mode (red, bottom branch) fades. D) Snapshots from a test at 7.1 m/s impactor velocity on a “pristine” sample,
displaying multiple wavelength surface patterns. E) A normalized spatiotemporal diagram of the experiment shown in D, with
color representing the y-direction surface displacement, Uy. The line visible at the right edge is an artifact the camera frame
edge and should be disregarded. F) A normalized spatiotemporal diagram of the simulation (7.6 m/s impact velocity, same
color scheme as in E).

mirrors prior studies [8, 33], where at a critical strain
ε0 the sample buckles to a mode of wavelength λ0. For
sample 1, λ0,1 = 4.1 mm (where the second subscript de-
notes the sample number), whereas the initial buckling
wavelength averaged across all samples was λ0,avg = 3.8
mm (standard deviation of 0.24 mm). Sample 1 ex-
hibits period doubling to a wavelength of λ1,1 at strain
ε1 = 0.185, and then eventual period quadrupling. The
dashed lines in Fig. 1C denote predictions from analyti-
cal model of Ref. [33], using the measured λ0,1. We at-
tribute the post-period-doubling deviations between the
measurements and the model to reduced compression at
the sample surface due to the sample curling around the
edge of the compression plates.

Representative images from the impact experiments
are shown in Fig. 1D, which display shorter wavelengths
than the quasi-static case (Fig. 1A), and the wrinkling
wavelength appears to vary across time and the length
of the sample. Using the same image analysis procedure
for the quasi-static case, this variation is also observable

in a spatiotemporal plot of the measured out-of-plane
surface displacement (Fig. 1E). These qualitative obser-
vations hold across all experiments performed, although
the wavelengths present vary.

The impact tests were modeled via FEM simulations
(Abaqus/CAE) [32]. A moving boundary matching im-
pactor profile of the first (and slowest) dynamic experi-
ment was applied, which was subsequently scaled up for
higher velocity impact cases. In Fig. 1F, we show the
simulated spatiotemporal evolution of the out-of-plane
surface displacement for a similar impact velocity to that
used in the experiment of Fig. 1D and E.

In Fig. 2, we show spatial FFT spectra of the quasi-
static compression test (corresponding to the data in
Fig. 1A,C) and simulated and experimental dynamic
compression tests (2.5 m/s and 1.9 m/s impactor veloc-
ities, respectively). In Fig. 2A, the emergence of pe-
riod doubled and quadrupled modes with increasing ap-
plied quasi-static strain can be seen. In Fig. 2B and
C, corresponding to the impact experiment and sim-
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FIG. 2. A) FFT of the sample 1 quasi-static compression test. FFT of a dynamic test (B) and FEM simulation (C), with
impact speeds of 2.5 m/s and 1.9 m/s, respectively. Wavenumber ∼ 263 m−1 corresponds to λ0,avg, and is shown as the dashed
vertical yellow lines in A, B, and C. The horizontal red dashed lines in B (lower horizontal dashed line) and C (sole horizontal
dashed line) represent the time at which the striker hits the stop blocks and comes to a stop, while the white (upper) horizontal
dashed line in B represents the time of arrival at the right edge of the peak of the bulk compression wave. This same bulk wave
arrival time in C and D is the upper limit of the times shown. D) Spatiotemporal evolution of strain obtained from the FEM
simulation in C, averaged over a depth of λ0,1 (compression shown as positive).

ulation, respectively, a complex spatiotemporal evolu-
tion involving multiple wavelengths is observed, mark-
ing a stark, qualitative difference to the quasi-static re-
sponse. The wavenumbers (here, defined as 1/λ) emerg-
ing from the dynamic tests uniformly exceed the quasi-
static wavenumbers. The simulated local strain ε (nor-
mal strain in the x-direction, averaged over a depth of
λ0,avg in the y-direction) is shown in Fig. 2D to reach
values higher than ε1. Thus, while the average sample
strain is less than ε1 in the cases of Fig. 2B and C,
localized period doubling might be expected. However,
none of the observed modes were found to be obvious
factor of two multiples of the others. The sole exception
to this is sample 1 [32], which displayed one dominant
buckling wavelength, out of many, that approached the
period doubled mode wavelength. We suggest this is be-
cause sample 1 was the sole case to be quasi-statically
tested past the period doubling point prior to dynamic
testing (this observation is later explored more fully).

The impact tests of Fig.2 showed an upward wavenum-
ber shift from the quasi-static response. The range
of wavelengths of the most prominent peaks emerging
from the impact experiments are consistently 2−4 times
smaller than λ0,avg (∼ 1 to 2 mm), even after the passage

of the bulk compression wave when relaxation dominates.
Quantifying the measured spectra from experimental and
simulated impact tests, we take the spectral centroid of
each spectrum, for each time step, and examine the aver-
ages and maximums. We note that the maximum values
consist of phenomena mainly driven by the compression
regime, while the average values contain data from both
the compression and relaxation regimes. The limits of the
considered wavenumber range for the spectral centroid
analysis are set to 50% of the maximum amplitude in
each case. Figure 3A shows a positive dependence of the
maximum (compression dominated regime) wavenumber
spectral centroid on velocity. We note a change in the
observed striker velocity dependence in the experimental
data at 5.6 m/s, which corresponds to the test at which
the striker recoil first results in a complete detachment
between the striker and sample. This detachment intro-
duces a competing tension which reduces the strength of
the compression regime. All simulations were run with-
out this recoil in order to study the expected trend had
recoil not been present, and a clear speed dependent in-
crease in wavenumber is observed (Fig. 3B). We also
note a drop in the wrinkle amplitude as impact velocity
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FIG. 3. A) The maximum spectral centroid (in time) of the
dynamically tested samples. Shown are results from pristine
sample experiments (black, circles), pre-damaged sample ex-
periments (green, squares), flat film simulations (blue, stars),
and substitution of measured ω into Eq. 1 (red, triangles). B)
Wavenumber spectral centroids for flat film simulations (blue,
stars) and pre-wrinkle film simulations (green, squares), with
the average and the range between minimum and maximum
values indicated by the error bars.

is increased, highlighted in Figure S9 in the SM [32].
We suggest that the increase in observed wavenumber

with increasing impact speed (and with respect to quasi-
static loading) can, in part, be accounted for by the vis-
coelasticity of the substrate. We model our substrate as
a standard linear solid (SLS) material, where the magni-
tude of the dynamic elastic modulus can be described as
[34]:

E∗ =| E1 + E0(
ω2τr

2

1 + ω2τr2
) + iE0(

ωτr
1 + ω2τr2

) |, (1)

E1 = 10 MPa , E0 = 130 KPa τr = 90 µs, and the char-
acteristic excitation frequency ω is estimated by taking
the temporal FFT of the striker position until rest (ig-
noring recoil), and identifying the frequency at half am-
plitude maximum. This approximation predicts a critical
buckling wavenumber of 500 to 760 m−1 (across all tests,
shown in Fig. 3A), in good agreement with the measure-
ments. Wavelength shift due to impact in systems con-
taining viscous substrates has been noted in several other
works. The authors of Ref. [24] examine an elastic fila-
ment in a viscous fluid compressed at various strain rates,
and similarly find a decrease in buckling wavelength with
increased strain rate. In Ref.[23], the effect of strain rate
upon the compression of soft layered composites is stud-
ied, and viscoelastic stiffening is predicted to adjust the
critical buckling wavelength with increased strain rate.
In Ref. [21], a dynamic wavelength smaller than the
quasi-static wavelength is observed, though wavelength

dependence on impactor velocity is not present due to
the domination of inertial over viscous effects.

Despite the described agreement, we suggest that vis-
coelasticity cannot be the sole contributing effect to the
observed velocity dependence. Comparative simulations
were conducted in which the viscoelastic behavior was
removed from the substrate material properties (leav-
ing a hyperelastic-only substrate model). A similar,
though greatly reduced, downshift in wavelength was ob-
served with increasing impact speeds [32]. Similarly, us-
ing the simulated response of the hyperelastic-only sam-
ple, we compare the maximum spectral centroid at sim-
ilar strain levels between dynamic and quasi-static cases
(Fig. 4A). At comparable strain levels, hyperelastic-only
simulations display a larger wavenumber in the dynamic
case than in the quasi-static case, asserting that sub-
strate nonlinearity alone cannot account for the observed
wavenumber shift (even in the absence of viscoelastic ef-
fects). This suggests a third contributing factor, which
we posit may result from inertial effects. Using the sim-
ulated material properties and the characteristic excita-
tion frequency, where f = ω/(2π), to estimate the rela-
tive magnitude of viscous, inertial, and elastic effects (Fig
4B), we find that as impact velocity is increased, the im-
portance of inertial effects increases relative to viscous
and elastic effects (see [32] for more information).

In contrast to the wavelength velocity dependence,
broadband wavenumber content is not present in the
aforementioned literature. Although wavelength is ob-
served to evolve with time [21, 23, 24], it does not signfi-
cantly vary spatially. A spatial wavelet analysis was per-
formed on the experiments herein that confirms the pres-
ence of spatial wavenumber variation at a given time [32].
We note that the nature of our experimental setup, in
particular the presence of relaxation processes and bulk
compression wave reflection, somewhat complicates the
examination of wavelength variation. References [27] and
[26] noted wavelength variation as a function of global
system contraction and expansion by observing the un-
changing number of peaks across a given region. Sepa-
rating out these regimes, therefore, is important in the
effort to identify the presence and source of any spatial
wavelength variation. We therefore take care to mark in
all FFT analyses several times important to the separa-
tion of the pure compression and pure relaxation regimes,
including the time at which the striker comes to a stop
(and, in some cases, rebounds, inducing an earlier onset
of the relaxation regime) and the time at which the peak
of the bulk compression wave reaches the sample edge (af-
ter which reflection, and a relaxation dominated regime,
ensues). We consider phenomena occurring in the times
before striker stop as being mainly compression driven,
the times between striker stop and bulk wave rebound as
being a mixture of compression and relaxation, and the
times after bulk wave rebound as being relaxation domi-
nated. Although pronounced wavelength variation is seen
after the rebound of the bulk compression wave sends the
entire sample into a relaxation regime, and we do note
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the expansion of wrinkles post passage of the bulk wave,
significant variation in wavelength is present during early
times in the region ahead of the bulk wave, when the
initial striking of the sample drives a compression dom-
inated regime. In addition, we observe multiple distinct
wavelengths which are not the result of a smooth transi-
tion between compressed and extended wrinkles of a sin-
gle base wavelength. It is therefore unlikely that global
and local length changes are the sole underlying cause of
the spatial variation we see. Several other possible causes
are considered. The strain rate herein varies from 38 s−1

to 180 s−1. This is much greater than the strain rates
of Refs. [23, 24], and, although the maximum impact
velocity in Ref. [21] is comparable to our lowest impact
velocity, it is noted that inertia, rather than viscosity,
dominates their system’s response. We suggest the high
impact velocity induces a spatial variation in viscoelastic
stiffening, altering the effective localized elastic modulus,
creating many localized “λ0” values. This could also en-
hance the nonlinear response of the system, by effectively
dropping ε0 [23]. This could also induce nonlinear inter-
actions between spatially neighboring modes [35]. Such
nonlinearity is absent, or much weaker, in systems with
a fluid substrate (as in Ref. [21]).

Further evidence of viscoelasticity serving as the driv-
ing factor for spatial wavenumber heterogeneity can be
seen by comparing spatiotemporal variation of the wrin-
kling patterns, instantaneous dynamic modulus, and in-
ertial forces found from simulations with combinations
of elastic, hyperelastic, and viscoelastic properties [32].
Specifically, only in the cases with viscoelasticity are low
amplitude longitudinal waves racing ahead of the large-
deformation bulk wave seen to alter, and induce a more
complex spatial variation of, the instantaneous properties
of the substrate before wrinkle formation. This is seen to
result in a spatial wavelength heterogeneity in the case of
the viscoelastic simulations during initial passage of the
large-deformation bulk wave, which is not present in the
elastic and hyperelastic cases [32].

Both the wavelength decrease and spatial variation ob-
served in this work were not observed in the prior, related
study of Ref. [22]. In this previous case, a single main
wavelength was observed evolving across time, but with
minimal spatial variation. As the substrates are nomi-
nally identical between the two studies, we look elsewhere
for the cause of the discrepancy. It was noted in Ref.
[22] that the sample studied therein was tested quasi-
statically and dynamically multiple times, while the sam-
ples in this paper were tested to low strain (excluding
sample 1), quasi-statically, a single time, and then dy-
namically only once to reach the prior results. Visual
inspection of both current and previous samples after
testing reveals small but observable indentations on the
surface of the film [32], suggesting damage due to previ-
ous testing could be the cause of the observed differences.
In order to explore the effect of pre-damage on the im-
pact response, further experiments and simulations were
performed. Simulations were run with an initial ‘pre-

FIG. 4. A) Wavenumber maximum spectral centroid as a
function of maximum local strain averaged over a depth of
λ0, 1 for purely hyperelastic substrate simulations, showing
that even without viscoelasticity the combination of nonlin-
earity and inertial effects present in dynamic cases (red, upper
line) can induce wavenumbers significantly exceeding quasi-
static compression (blue, lower line). B) Dimensionless pa-
rameters estimating inertial (ρλa), viscous (fη), elastic (E0)),
where a is the maximum acceleration of the striker, λ the
wavenumber maximum spectral centroid, and ρ the material
density, showing that as impact speed is increased both iner-
tial and viscous forces increase with respect to elastic forces,
with inertial forces increasing at a faster rate than viscous
ones.

wrinkle’ profile applied to the film. This pre-wrinkle
profile was given a wavelength matching the expected
quasi-static critical buckling wavelength, with amplitude
set to a fraction of the thickness of the film. As observed
in Ref. [22], a single prominent wavelength occurred near
the quasi-static buckling wavelength, matching the pre-
wrinkled pattern. Figure 3B shows the spectral centroid
time average and range for both pre-wrinkled and flat
film simulations, wherein the pre-wrinkled case shows a
drastically reduced velocity dependence. Time averages
were taken across the entirety of simulation run time, en-
compassing the full temporal evolution of the wavenum-
ber landscape. As flat-film and pre-wrinkle simulations
were run under the exact same conditions for each im-
pact speed, with the only difference being the presence of
film pre-wrinkling, time averages capture the same range
of data between the flat-film and pre-wrinkle cases, and
the stark effect of the introduction of pre-wrinkling is
clear. The examination of both the average and range of
the spectral centroid highlights that this reduced velocity
dependence holds across both compression (represented
by the maximum centroid value) and relaxation (repre-
sented by the minimum centroid value) regimes. Retest-
ing the previously-only-once-impacted samples, the max-
imum spectral centroid is shown in comparison to that
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of the pristine samples in Fig. 3A, which reveals a low-
ered value of the maximum spectral centroid, as well as
reduced velocity dependence. We note a key difference
between the “retested” samples herein, and those of Ref.
[22] is that the predamage was found to be aperiodic
and periodic, respectively, thus giving different wavenum-
ber distributions but an otherwise similar qualitative re-
sponse. In addition, we remind the reader that sample 1
was the only first-tested sample in this work to display
significant long wavelength buckling prior to striker re-
bound. Given that sample 1 was the only sample tested
past the quasi-static period doubling point, it may con-
tain weak pre-damage consistent with the first or second
quasi-static buckling mode, and its wavelength content
would therefore be expected to differ somewhat from the
entirely “pristine” samples.

Through dynamic testing of stiff-film-on-soft substrate
systems, we observe the emergence of hitherto unob-
served spatiotemporally varying surface patterns. The
system’s velocity dependence, which we tie to viscous
and inertial effects, may hold promise in the potential

dynamic tuning of surface patterns in a system that clas-
sically can only be adjusted through change of its mate-
rial properties. The complexity of the underlying causes
may provide motivation for improved nonlinear dynami-
cal and viscous models capable of predicting the dynamic
surface morphology evolution, which may further enable
the informed design of new surface patterns as may be
applicable to flexible electronics (e.g. nonlinear signal
processing) and nanofabrication.
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