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Impacting metamaterials: The threshold for wave propagation in holey columns
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We study the dynamic deformation of columns containing a periodic array of holes subject to impact
loading. When compressed slowly, holey columns buckle beyond a critical compressive strain, and global
pattern switching (from circular holes to orthogonal ellipses) occurs instantaneously. In contrast, the dynamic
deformation of holey columns is driven by wave propagation; impact induces a compressive wave that buckles
the ligaments surrounding a hole, nucleating a sequential pattern switching process. Subsequent void collapse,
which ultimately leads to self-contact and topological modification, is driven by the moving boundary. Here, we
identify the critical impact velocity above which the compression can no longer be considered quasistatic, and
we show that it depends on system size. For dynamic deformations, we show that internal displacements are
independent of impact velocity and propagate at the material sound speed, whereas the topological transition
wave propagates at a speed that depends on the impact velocity.

DOI: 10.1103/PhysRevMaterials.8.075605

I. INTRODUCTION

Solid structures containing a periodic array of holes are,
conceptually, one of the simplest designs of metamaterial.
Perforated plates provide a platform for wave control since
the holes, or cavities, act as resonator unit cells that inter-
act with incident, transmitted, or surface waves via local
resonances associated with hole geometry [1–8]. Acoustic
metamaterials exploit the resonances of periodically spaced
holes to manipulate wavefront propagation for applications
in energy harvesting, signal processing, and sound absorp-
tion [1–4]. Metasurfaces and metalenses based on nanohole
arrays can focus optical frequencies [5], incident infrared
light [6], and surface plasmons [7,8]. The field of flexible
mechanical metamaterials, in particular, was kick-started by
the discovery that an elastomeric sheet containing an array
of circular holes (i.e., a periodically arranged microstruc-
ture) exhibits auxetic behavior under compression because
its circular holes transform into orthogonal ellipses [9]. The
phenomenon has been exploited in the design of photonic [10]
and phononic [11] crystals, although research has focused on
the programmable buckling mechanics of holey structures un-
der quasistatic loading [12–24]. However, many applications
involve dynamic loading; for example, in sports engineering,
auxetic foams [25] find application as light-weight impact
absorbers in running shoes and protective sports equipment
[26,27].
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Here we consider soft, holey structures of finite size, sub-
ject to impact loading. Holey columns have been studied
under impulsive elastic recoil following quasistatic straining
and, compared to unstructured materials under the same con-
ditions, these metamaterials were found to enhance energy
storage [28–30]. We focus on a different loading strategy,
demonstrating that impact can either result in quasistatic
buckling or induce sequential wave dynamics and a topo-
logical transition that is driven by the moving boundary; see
Fig. 1.

Highly deformable mechanical metamaterials subject to
pulsatile loading are known to support nonlinear elastic
waves [31,32]. These architectures can exhibit amplitude gaps
[32–34] enabling the programmable design of mechanical
splitters and diodes, and devices for mode focusing and pulse
separation [35], but they are typically distinct from systems
that exhibit dynamic changes in topology. Topological transi-
tion waves are instead associated with moving phase bound-
aries and domain formation [36–40], and they have been
harnessed in flexible metamaterials for rapid reconfiguration
and dynamic deployment of three-dimensional structures [41].

By building scaling arguments that balance the timescales
of information propagation with the timescales of microstruc-
tural deformation, we find the threshold between quasistatic
pattern formation and wave propagation in holey structures.
We also show that, in contrast to elastic foams [42,43] for
which voids similarly constitute a large volume fraction of the
material, the nonlinear waves that precede topological change
propagate at the material sound speed of the bulk elastomer.
In doing so, we demonstrate that dynamic buckling provides
an alternative route to pattern formation, as is the case during
the impact loading of elastic rods [44–46] and ultrathin sheets
at an air-liquid interface [47,48], and in the response of elastic
bands to rapid changes in applied tension [49–51].
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FIG. 1. Dynamic deformation of a holey column. Images of a
deforming holey column with N = 19 holes (of diameter D = 8 mm)
following impact at U0 = 1.1 ms−1. Sequential pattern switching is
seen to nucleate in the second hole from the impacted boundary,
n∗ = 2 (highlighted in cyan), before propagating through the rest of
the column.

II. EXPERIMENTS

We fabricated experimental samples from polyvinyl silox-
ane (Elite Double 22 & 32, Zhermack) with a measured
density in the range ρ = 1160 ± 50 kg m−3 and Poisson’s ra-
tio ν = 0.47 ± 0.1. The Young’s modulus of the bulk material
was measured to be 270 � E � 955 ± 35 kPa using an In-
stron 3345; E was varied within this range by mixing together
different ratios of the two grades of elastomer. Unless explic-
itly stated, data are reported for experiments with columns that
contained a periodic array of holes of diameter D = 8 mm
separated by struts of minimum thickness w = 0.5 mm, so
that the neighboring holes center-to-center distance (i.e., the
length of the unit cell) was L0 = D + w = 8.5 mm. We also
performed experiments with columns that had the same L0,
but for which w = 0.75 and 1.5 mm and D = 7.75 and 7 mm,
respectively. The depth of all columns was 16.85 mm while
the height depended on the number of holes N in the array,
which varied from 7 to 23. At the top and bottom ends of
the sample, an extra lends = 12 mm of solid material free from
holes was added to the column, so that its initial height was
H0 = NL0 + 2lends.

Columns were placed inside a Perspex holder, whose inner
walls were covered in petroleum jelly (Vaseline, Unilever) to
prevent solid-solid friction between the column and the con-
tainer walls. Impact loading was applied by either dropping
an impactor (of weight 1 kg) from a height or by catapulting
the impactor downwards using a tensioned resistance band. In
both cases, the motion of the impactor (a cylindrical rod with
a rectangular plate at its head that matches the cross-section
of the samples in the top view) was restricted to the vertical
direction by guiding rails.

The dynamic deformation of the columns was imaged
using a high-speed video camera (FASTCAM Mini UX50,

Photron) typically at 4000 fps and with a spatial resolution
of 3.1 pixels/mm. The impact speed U0 was measured from
acquired images immediately prior to contact and found to be
in the range 0.1 − 5.53 m s−1. On timescales of interest here,
the impactor did not slow down appreciably.

III. RESULTS

In Fig. 2(a) we present a phase diagram for pattern trans-
formation based on the impact speed and the number of holes
in the column. Quasistatic and dynamic pattern formation
are differentiated by measuring the position of primary void
collapse; for quasistatic deformations, the first hole to col-
lapse is in the middle of the structure and results in global
pattern switching. By contrast, dynamic pattern formation is
initialized locally by a hole collapse near the loaded end of the
structure, which is accelerating and therefore experiencing a
greater relative force [Fig. 2(b)]. In finite columns, the first
hole to succumb to local buckling, i.e., the first hole to pattern
switch, n∗, is expected to be some distance away from the
impacted boundary because boundary conditions prevent rota-
tions. Indeed, in our experiments, pattern switching has never
been observed in the hole closest to the impacted boundary.
However, for larger impact speed, n∗ is closer to the impacted
boundary [Fig. 2(c)]. The critical threshold for dynamic buck-
ling depends on the number of holes in (and therefore length
of) the column and is distinct from the amplitude gap reported
in, e.g., [32,33], since even in our low-velocity (quasistatic)
experiments the imposed strain is sufficient for pattern switch-
ing to occur.

To estimate the threshold impact speed above which dy-
namic buckling is observed, we recall that a critical strain
must be exceeded for a single hole, εhole

cr = δcr/L0, where δcr

is the critical compressive displacement and L0 is the length
of a unit cell. During impact, the top boundary of the column
is displaced by a distance δ ∼ U0t and a single hole buckles
when δ ∼ δcr ∼ U0tbuck, where tbuck is the buckling timescale.
To distinguish between quasistatic and dynamic buckling,
we compare tbuck to the time taken for information to prop-
agate through the column, tinfo = H0/c, at the speed of sound
in the bulk material c = √

E/ρ. In the limit of quasistatic
buckling, tbuck � tinfo and pattern switching occurs globally.
By balancing timescales, tinfo ∼ tbuck, and recalling that H0 ∼
NL0, we find the threshold impact speed, Ucr, above which
buckling nucleates locally and then propagates,

U0

c
∼ δcr

H0
⇒ Ucr

c
∼ εhole

cr

N
.

In Fig. 2(a), we present results for a given hole geometry
and material parameters, such that εhole

cr is a constant [20]
[measured to be 4.5 × 10−2; see the Supplemental Material
(SM) for further details], and we include a best fit of the
form Ucr ∼ N−1. In Fig. 3 we present results on the threshold
velocity for holey columns of different geometries, for which
εhole

cr was measured independently (see the SM). These results
corroborate the scaling Ucr/c ∼ εhole

cr /N , demonstrating that
the critical threshold velocity is governed by the material
properties and length of the column, and the micromechanics
of the ligaments surrounding the holes.
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FIG. 2. Critical threshold speed for dynamic buckling. (a) Phase diagram of the mechanical response of a column with N holes to dynamic
loading at impact speeds U0. Circle markers represent a quasistatic response, associated with a global pattern switch that occurs simultaneously
across the column and for which the primary void collapse is in the middle of the structure. Square markers represent a dynamic response
evidenced by a sequential switching of holes and associated propagation of a buckling wave. The dashed line represents a best fit of the form
Ucr ∼ N−1. (b) Typical pattern transformation in a column with N = 14 holes for U0 < Ucr, when primary void collapse is in the middle of the
structure as expected in the quasistatic limit, and for U0 > Ucr, when sequential, dynamic buckling occurs; in the images U0 = 0.22 m s−1 (left)
and U0 = 2.24 m s−1 (right) and δ/H0 = 0.01. (c) The first hole from the column top to pattern switch, n∗, normalized by Ñ , where Ñ = N for
columns with even N and Ñ = N + 1 for columns with odd N , measured as a function of the scaled impact speed U0/Ucr using data in (a). The
dotted lines correspond to n∗ = 2 in experiments with columns of different length specified using the legend.

The dynamic response of holey columns to impact loading
for U0 > Ucr is well visualized from measurements of the
eccentricity of the holes as a function of time following impact
[Fig. 4(a)]. Here we define the hole eccentricity to be e = a/b,
where a is the horizontal diameter and b is the vertical di-
ameter of an ellipse fitted to a hole contour in experimental
images, such that a circular hole has e = 1, while a hole elon-
gated horizontally has e > 1 and a hole elongated vertically
has e < 1. Prior to impact, the holes remain circular, and

FIG. 3. Scaling the threshold speed with geometry. Threshold
speed Ucr normalized by c = √

E/ρ and measured as a function of
εhole

cr /N , where N is the number of holes. The critical strain for a
single hole, εhole

cr , depends on the micromechanics of ligaments (see
the SM) and, in particular, the minimum ligament width w. Markers
shape represents experimental data for different N while the color
scheme represents different w, as indicated in the respective legends.
The dashed line represents the scaling Ucr/c ∼ εhole

cr /N .

e = 1. The initial deviation from e = 1 demarcates the local
compression in the column; we observe compression to prop-
agate through the column at a constant rate vcomp and measure
e > 1 for all holes, at early times, implying that the compres-
sive wave squashes circular holes into horizontal ellipses. The
subsequent buckling of ligaments leads to pattern switching
whereby alternate ellipses switch from a horizontal to a ver-
tical orientation, evidenced by measurements of e < 1. The
pattern switching process is sequential, propagating through
the column at a constant speed vbuck, and is henceforth re-
ferred to as a buckling wave. Once the hole deformation is
sufficient for self-contact to occur, we can no longer measure
e; a null measurement demarcates self-contact, and sequential
null measurements indicate the propagation of a topological
transition wave through the column.

The speeds of the compression, buckling, and self-contact
wave are shown in Figs. 4(b)–4(d) as a function of impact
speed U0 for N = 19. The propagation of pattern switch-
ing and self-contact events was measured by tracking the
evolution of the hole eccentricity, while the speed of the
compression wave was measured by tracking the initial dis-
placement of horizontal ligaments from their rest position.
This was also corroborated by recording the eccentricity of
the holes and noting when it first deviated from the value
measured prior to impact (see the SM).

Remarkably, compression was found to propagate through
the low-density cellular solid at the speed of sound of the
bulk material, see Fig. 4(b), independent of impact velocity.
We validated this assessment by independently measuring the
compressive wave speed cexp in a solid column made from an
elastomer with E = 670 kPa using particle image velocimetry
[dashed lines in Figs. 4(a) and 4(b) and the SM]. We note
that this is the rate at which information propagates through
the system, rather than the speed at which material points are
displaced (which occurred at a fraction of the material sound
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FIG. 4. Wave propagation through holey columns with N = 19 holes. (a) Eccentricity e of each hole n in a column measured as a function
of time after impact at t = 0 at speed U0 = 1.53 m/s. Lines represent the propagation of the compressive, buckling, and self-contact waves
through the column (as indicated in the legend). (b) Compressive wave speed vcomp normalized by the speed of sound in a solid c = √

E/ρ as
a function of impact speed U0 for columns made from elastomers with different E . Dotted line was obtained by directly measuring the speed
of sound in the material cexp; see the SM. (c) Normalized buckling wave speed vbuck/c measured as a function of impact speed U0 for the same
columns as in (b). The inset shows time delay tlag between the onset of compression and buckling waves as a function of the material sound
speed c; the dashed line represents the scaling tlag ∼ c−1 fitted to the experimental data. (d) Self-contact wave speed vsc measured as a function
of impact speed U0 for the same columns as in (b). The solid and dashed lines correspond to the theoretical upper and lower bounds of vsc,
respectively.

speed in holey metamaterials in [28,29] that were impulsively
released from a prestretched configuration).

The buckling wave also propagates at a rate approximately
equal to c, independent of U0; see Fig. 4(c). The framework of
[31,32,52] describes the coupled copropagation of compres-
sion and bucking waves as an elastic vector soliton comprised
of two polarizations, one of displacement and another of rota-
tion. The waves observed here differ in functional form from
those reported in [31,32] because our indentation is dynamic,
rather than an impulse. In the case of dynamic compression,
the functional form of both compressive and rotational waves
is the same (see [53]), and akin to the functional form of the
displacement soliton reported in [31,32], whereas application
of an impulsive torque generates rotational waves of distinct
functional form. The distinction arises because, for dynamic
indentation, the moving boundary causes hole eccentricity to
change continuously and irreversibly while the deformation
is applied.

IV. CONCLUSIONS

The buckling wave was found to lag behind the compres-
sive wave with a time delay that depends on the material sound

speed [Fig. 4(c), inset], which can be varied by altering the
Young’s modulus of the material. This nonzero phase lag sug-
gests that the buckling wave is nucleated by the compressive
buckling of the ligaments surrounding a single hole, and that
the compressive wave (rather than the moving boundary) is
responsible for its onset. Hence, δhole

cr ∼ ctlag from which we
recover tlag ∼ L0/c [dashed line in Fig. 4(c), inset].

A consequence of the moving boundary is the subse-
quent topological transition that results from the sequential
self-contact of neighboring holes. The self-contact wave is
transmitted through the holey column at a rate that depends on
the impact speed U0, as shown in Fig. 4(d). Our measurements
of the self-contact wave speed are bounded by two limits.
The lower bound is determined by the speed of the inden-
tor. The upper bound is determined by the geometry of the
joints connecting ligaments, and it can be understood using an
idealized model in which a unit cell is replaced by four rigid
squares that are initially in vertex-to-vertex contact but can
rotate as a hinge around these vertices [34,54]. Hence, before
void collapse, the maximum distance between the centers of
two rotating squares is L0. This distance is minimal when the
squares are in edge-to-edge contact, becoming L0/

√
2. The

distance that the centers are required to move to switch from
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a completely open to the closed state is d = L0(1 − 1/
√

2).
The shortest timescale for void collapse is therefore given
by the time taken by the indentor to travel a distance d ,
such that scaling vsc/L0 ∼ U0/d gives a upper bound for the
speed of the self-contact wave vsc = U0/(1 − 1/

√
2) [solid

line in Fig. 4(d)]. That the experimental data are close to
this upper bound for U0 < 3 m/s indicates that the bending of
ligaments has a negligible influence on the speed of the transi-
tion wavefront. Deviation of experimental measurements from
this upper bound at larger impact speeds coincides with an
observation of greater elastic deformation of the unit cells,
meaning that they are no longer well described by the ide-
alized model of rigid squares in vertex-to-vertex contact.

We have demonstrated that the mechanical response of
a holey metamaterial to impact loading depends not just
on the nondimensional impact speed U0/c, but on the size
of the structure (parametrized by the number of holes N) and
the micromechanics of the ligaments, informing appropriate
design of low-density, finite-sized impact absorbing structures
such as a crumple zone and crash protection equipment. In a
given system, modification of the rate of loading is sufficient
to alter the route taken during a topological transition between

a (low-density, reduced stiffness) “open” state and a (high-
density, bulk stiffness) “closed” state. Since the systems under
inspection deform elastically, and deformations are reversible,
different topologies can be realized in the same system in
repeated runs, which provides a degree of engineering control
over deformation pathway and timescales, and permits pro-
gramming of impact mitigation capacity.

The reported experimental data are available in the SM
[53].
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[17] D. Pihler-Puzović, A. L. Hazel, and T. Mullin, Buckling of a
holey column, Soft Matter 12, 7112 (2016).

[18] C. Coulais, E. Teomy, K. de Reus, Y. Shokef, and M. van Hecke,
Combinatorial design of textured mechanical metamaterials,
Nature (London) 535, 529 (2016).

[19] D. J. Rayneau-Kirkhope and M. A. Dias, Recipes for selecting
failure modes in 2-d lattices, Extreme Mech. Lett. 9, 11 (2016).

[20] C. G. Johnson, U. Jain, A. L. Hazel, D. Pihler-Puzović, and T.
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