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TAGGEDPA B S T R A C T

We numerically and experimentally investigate impact/blast-induced shock mitigation using a quasi-1D
woodpile mechanical metamaterial consisting of slender cylindrical rods. In this system, nonlinear stress
waves generated by the impact or blast are coupled with local bending vibration modes of the constituent
rods. This result in an order of magnitude reduction of transmitted shock without relying on material damp-
ing. Specifically, we identify that the arrangement of the local resonances from low to high frequencies ena-
bles efficient mitigation of impact/blast energy by splitting strong incident waves into weak ones. We also
observe that optimized patterns of the woodpile configurations based on genetic algorithm help making
the wave energy equipartition and radiate efficiently in both temporal and spatial domains. This wave
attenuation mechanism based on local resonances shows a great potential for the development of nonlinear
elastic metamaterials for efficient impact mitigation.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

TaggedPOver the past years, impact and blast mitigation has been a sub-
ject of intense studies for the purpose of protecting assets and per-
sonnel from harsh mechanical environments [1�3]. From a
structural standpoint, various material systems have been investi-
gated to enhance the mitigation of impact- and blast-induced
shocks. For example, sandwich structures are one of most widely
used systems [4�7], where various core materials can be employed,
e.g., fluid impregnated foam [8�10] and foam core with various filler
materials such as glass bead, aerogel, fumed silica, and tuff volcanic
rock [11,12]. Other types of systems have also been proposed to min-
imize the peak amplitude of shock waves. Su et al. proposed a blast
mitigation device consisting of piston-cylinder assembly that
reflects shock waves internally to significantly decrease shock
amplitude [13]. Wadley et al. proposed an active concept of blast-
wave mitigating devices made of inflatable cellular structures [14].

TaggedPGranular media are another form of highly efficient shock mitiga-
tor. Researchers have reported that propagating nonlinear shock can
be efficiently attenuated through heterogeneous granular systems,
e.g., ordered dimer chains having alternating heavy and light par-
ticles [15], decorated or tapered chains with gradual size variation
TaggedPalong the chain [16], chains composed of hard and soft beads [17],
and a designed and optimized chain for impact mitigations [18,19].
Particularly, disordered arrangement of particles in granular lattice
systems shows interesting wave attenuation characteristics. Ponson
et al. reported that by increasing disorder in a diatomic granular
chain, transmitted waves undergo drastic attenuation following
exponential laws, but after a characteristic threshold, disorder does
not contribute to wave attenuation (i.e., diffusion) further [20]. Simi-
lar wave attenuation behavior is also reported in 2D granular media
having weak/strong mass disorder [21].

TaggedPIn these studies, the essential mechanism for wave attenuation is
wave disintegration and dispersion through the mass and size varia-
tions in the chain. This is distinct from conventional continuum
materials, e.g., aforementioned foam-core materials, which rely on
dissipative damping for wave attenuation. Despite the promising
features of granular media for shock management, the effect of local
resonances on wave attenuation has been relatively unexplored.
Addressing such an effect is important, because local resonance is an
essential characteristic of acoustic/mechanical metamaterials for
exhibiting exotic material properties [22], such as negative effective
mass density [23,24] and/or negative effective bulk modulus
[25�27]. These metamaterials are artificially designed to control
propagating mechanical waves for various applications [28], e.g.,
acoustic subwavelength imaging [29], superlense [30], negative
refraction [31] and cloaking [32]. Limited studies have been reported

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijimpeng.2016.09.006&domain=pdf
mailto:jkyang@aa.washington.edu
http://dx.doi.org/10.1016/j.ijimpeng.2016.09.006
http://dx.doi.org/10.1016/j.ijimpeng.2016.09.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijimpeng


Fig. 1. Experimental setup for the impact mitigation in quasi 1D cylindrical chain.

Fig. 2. Equivalent unit cell model consisting of point masses connected with linear
springs for a rod.
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TaggedPin shock mitigating capabilities of mechanical metamaterials. For
example, Tan et al. reported recently that an acoustic metamaterials
with negative effective mass in a specific frequency regime can
reflect the corresponding frequency components of shock wave [33].
The scope of this work, however, was restricted to the ordered and
linear elastic responses of the metamaterials.

TaggedPIn this research, we investigate the impact- and blast-induced
propagation of nonlinear stress waves in a setting of an ordered gran-
ular chain consisting of vertically stacked cylindrical rods. In this
structure, local resonances of the slender rods are induced by their
low-frequency bending vibration modes. Considering its geometry
and local resonant feature, we call this structure a quasi-1D woodpile
metamaterial. These local resonances are coupled with propagating
nonlinear waves to localize and slowly diffuse propagating energy for
impact mitigation. Under an optimized configuration, we find that
the locally resonant woodpile architecture results in significant reduc-
tion of transmitted waves compared to the one without the local res-
onance feature. To verify this local resonance effect, we build a
discrete element model with a genetic algorithm [34]. We impose
both impact- and blast-induced excitations on the numerical wood-
pile model. For the case of impact, the computational results are veri-
fied by the experiments that show the equipartition and radiation of
propagating waves in both temporal and spatial domains.

TaggedPThe rest of the paper is structured as follows: First, we describe
the experimental setup in Section 2, and explain the analytical and
numerical models in Section 3. Impact- and blast- induced shock
propagation and their mitigation mechanisms are explained in
Sections 4 and 5, respectively. Lastly, in Section 6, we conclude our
paper with summary and future work.

2. Experiment setup

TaggedPFig. D22X X 1 shows a schematic of the experimental setup for a
quasi-1D woodpile metamaterial. The woodpile is composed of
vertically stacked 20 cylindrical rods having various lengths:
[20,30,40,50,60,70,80] mm with an identical diameter DD23X XDD24X X5mm. The
rods are made of fused quartz (Young's modulus ED25X XDD26X X72GPa, Poisson's
ratio vD27X XD D28X X0.17, and density rD29X XDD30X X2200 kg/m3). We choose the quartz
material for the rods to minimize the effect of material damping. We
TaggedPuse guiding columns to allow the translational motions of the cylin-
drical rods in the vertical direction, while preventing their horizontal
motions. The posture of the orthogonally stacked rods is sustained by
soft polyurethane foams (firmness: 4.1D31X X�6.2 kPa under 25% deflection)
that are placed between the arms of the stretched cylinders. We pre-
sume that the foams do not affect the cylinder's translational and
vibrational motions due to their several orders-of-magnitude lower
stiffness compared to that of the quartz cylinders. For the impact
excitation we drop a 10mm-diameter glass sphere at the center of
the top rod from a 20 cm drop height.

TaggedPThe transmitted stress waves through the woodpile column are
recorded by the piezoelectric force sensor placed at the base of the
test article in contact with the center of the last rod. While this force
sensor allows probing the transmitted waves at the bottom of the
structure, we are not capable of measuring contact forces in the mid-
dle of the 1D woodpile chain. Therefore, we devise a tactic to probe
the force profiles at all particle interfaces by increasing the number
of stacked layers one by one in the chain and measuring the trans-
mitted force histories at the base using the identical force sensor. All
the measured signals are synchronized with respect to the impact
time measured by a small piezoelectric sensor bonded on the top
rod (see Fig. 1). This gives accurate waveform for the incident por-
tion of the propagating waves.

3. Analytical model

TaggedPAnalytical model of the woodpile architecture has been intro-
duced by the authors in previous studies [35,36]. For the sake of
completeness, we briefly introduce this model in this manuscript.

3.1. Unit cell model

TaggedPFor the numerical simulation of the wave propagation in wood-
pile metamaterials we use a discrete element model (DEM) consist-
ing of point masses connected with springs. To simplify the cylinder
chain into the DEM, we first construct a unit-cell model equivalent
to each cylindrical rod of different length [35]. The continuum slen-
der rods have infinite number of resonant modes such as axial, tor-
sional, and bending modes from low to high order. However, the
excitation of the resonant modes depends on the external excitation
conditions. In the test setup, each rod forms contact with its neigh-
boring rods at the center, and the impact wave propagates through
this contact exciting the rods in the direction of wave propagation.
This makes only a few low-frequency symmetric bending modes
excited. It should be also noted that anti-symmetric bending modes
of the rods have a stationary nodal point at their centers, thereby
not being excited by the stress waves propagating through the axis
of the cylinder chain. This enables us to simplify the continuum rod
to a spring mass system as shown in Fig. 2. To consider the effect of
local resonances, we add auxiliary spring masses to a primary mass
(M). The number of added auxiliary units depends on how many
vibration modes are coupled with the propagating waves. For 20, 30,
and 40mm long cylinders, only one vibration mode (1st bending



Table 1
Discretized equivalent mass and spring stiffness of simplified model for cylindrical
rods.

Rod length 20 D1X Xmm 30 D2X Xmm 40 D3X Xmm 50 D4X Xmm 60D5X Xmm 70 D6X Xmm 80D7X Xmm

M (g) 0.423 0.570 0.838 0.450 0.600 0.750 1.00
m1(g) 0.443 0.729 0.894 1.350 1.600 1.850 1.800
m2(g) D8X X� D9X X� D10X X� 0.365 0.398 0.431 0.664
k1 (kN/mm) 26.27 8.782 3.961 2.008 1.172 0.748 0.532
k2 (kN/mm) D11X X� D12X X� D13X X� 18.31 11.31 7.263 6.423

Fig. 3. Effective mass of the unit-cell models for (a) 20, 30, 40mm rods and (b) 50, 60,
70, 80mm rods.
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TaggedPmode) is coupled, while for 50, 60, 70, and 80mm long cylinders,
two vibration modes (1st and 3rd bending modes) are coupled
according to the authors’ previous studies [35,36]. The equivalent
masses and spring stiffness corresponding to these rods are deter-
mined based on their resonant frequencies and total masses, which
are summarized in Table 1.

TaggedPThe resonant frequencies of the unit cell structure having two
auxiliary units can be expressed as follows [35]:
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and g I Dm1=M and g II Dm2=M are mass ratios of the first and second
auxiliary mass, respectively. For the short rods having a single reso-
nant mode, the resonant frequency is reduced to Eq. (2) by disre-
garding the second spring mass terms (k2,m2).
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TaggedPIf we consider each unit cell as a single mass, then the effective
mass of the unit cell varies depending on the excitation frequency
(v) as presented in [23,24]. Here the effective mass for single and
double auxiliary mass system are expressed as Eqs. (3) and (4),
respectively.
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II
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TaggedPThe effective mass becomes negative between the local resonant
frequencies of the auxiliary masses and the resonant frequencies of
the unit cell (vI(II) < v < v1(2)), which makes band gaps in linear
wave propagation [23,24,33,35]. The effective mass (Meff) normal-
ized with respect to the total mass (Mt) of the unit cell is presented
as a function of excitation frequency in Fig. 3(a) and (b) for 20mm »
40mm (single auxiliary mass) and 50mm » 80mm (double auxil-
iary mass) rod models, respectively.
3.2. Nonlinear Hertzian contact

TaggedPIn the cylinder chain, the contact between two adjacent cylinders
show nonlinear behavior following the Hertzian law [37,38]. The
force (F) and compression (d) relation between neighboring cylin-
ders is expressed as FDbcd

3/2, where bc is contact coefficient which
is a function of contact angle (a) as follows [39]:
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where Yc, vc and Rc are Young's modulus, Poisson's ratio, and radius
of the cylinder, respectively. K(e) and E(e) are the complete elliptical
TaggedPintegrals of the first and second kinds, and eD
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1¡ðb=aÞ2

p
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tricity of the elliptical contact area between the two cylinders. The
ratio of the semi-major (a) and semi-minor axis (b) of the
contact area is b
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The contact coefficient between the cylindrical rod and curved sen-
sor cap (which is made of stainless steel with young's modulus
YwD200 GPa and Poisson's ratiovwD0.29) is defined as
bw D

�
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coefficient B1(D3.40) and B2(D4.45) are determined based on the
contact geometries of the two objects [35,38]. Similarly, the contact
coefficient between the cylinder and spherical striker (bs) is also
obtained with the same formula with striker's material properties.
For this case, we obtain B1D2.22 and B2D3.27 with the given geom-
etry of the objects.

3.3. Numerical simulation

TaggedPBased on the unit-cell and the Hertzian contact models, we con-
struct a DEM for the cylinder chain as shown in Fig. 4, where each
unit cell is connected by a nonlinear spring representing Hertzian
contact. The equations of motion of i-th cylinder are expressed as
follows:

Mi€ui Dbc ui¡1¡ui½ �3=2C ¡bc ui¡uiC1½ �3=2C C
Xl

jD1

ki;j vi;j¡ui
� �

; ð6Þ

mi;j€vi;j D ki;j ui¡vi;j
� �

; ð7Þ
where the subscript (i, j) represents the j-th auxiliary mass in the i-th
rod model, and l is the number of auxiliary masses in each rod
model. The bracket is defined by [x]C Dmax (0, x), which represents
that the contact does not resists tension but only supports compres-
sion. In Eq. (6), the first and second terms in right-hand side repre-
sent the contact interaction forces with the previous and next
particles, respectively, and the last term represents the interaction



Fig. 4. Discrete element model for the cylinder chain.
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TaggedPwith the local resonances attached. Total energy of the i-th rod is
obtained by adding all the kinetic energy of the masses and potential
energies in the springs as shown in Eq. (8).
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TaggedPHere we assume that half of the potential energy in nonlinear con-
tact is equally contributed to both rods in contact because of identi-
cal material and contact geometry of the rods. We neglect the effect
of the gravity due to the orders-of-magnitude smaller amount of the
Fig. 5. Wave propagation in homogeneous cylindrical chains consisting of (a) 20mm rods, (
mized rigid chain. Right panels in (d) and (e) show illustrations of optimized woodpile archi
TaggedPgravitational force compared to the dynamic force induced by the
applied load. To simulate the wave dynamics in this multi-particle
system, we numerically solve these differential equations using the
Runge-Kutta method.
4. Impact wave propagation in woodpile metamaterial

TaggedPFig. D33X X5(a), (b), and (c) shows the numerical calculations of wave
propagation in periodic chains composed of identical cylindrical
rods with 20, 40, 80mm lengths, respectively. In case of the 20mm
rod model, a strong solitary wave propagates with oscillating tails
which do not appear in Fig. 5(a) due to their small amplitude com-
pared to the core part. This is called a nanopteron, which we
reported in our previous research [36]. In case of the 40mm and
80mm models, disintegrated waves propagate with temporal gaps
as shown in Fig. 5(b) and (c), respectively. This is because a portion
of the incident wave's energy is absorbed in each rod in the form of
localized vibrations and then released to the neighboring rods with
a time delay. This energy absorbing and releasing repeatedly hap-
pens as the wave propagates in the periodic system, thereby result-
ing in modulated waveform (see Fig. 5(b) and (c)). This mode
coupling accompanies wave dispersion in both temporal and spatial
domains, which consequently decreases the wave amplitude. The
temporal gap between the disintegrated waves depends on the reso-
nant frequency of the local vibration mode. Detailed analytical,
numerical, and experimental investigations on such wave modula-
tion effects are reported in the reference [36]. This naturally leads to
the main theme of this manuscript, which is to maximize the effi-
ciency of wave attenuation in the quasi-1D woodpile architecture by
leveraging local resonances.

TaggedPTo investigate the wave attenuation mechanism under the influ-
ence of multiple local resonances, we construct a chain of heteroge-
neous cylinders, whose lengths can be selected optimally from
20mm to 80mm lengths for minimizing the transmitted wave based
on Breether Genetic Algorithm (BGA) [18,34]. In brief, the genetic
algorithm is a kind of evolutionary algorithm inspired by biological
evolution process such as reproduction, mutation, recombination
and natural selection. BGA is a modified genetic algorithm using arti-
ficial selection based on the science of breeding instead of natural
selection to enhance the efficiency of an optimization. As a result, a
b) 40mm rods, (c) 80mm rods and in (d) optimized locally resonant chain and (e) opti-
tectures with their length distribution specified.



Fig. 6. Spatio-temporal image map of normalized energy density in optimized wood-
pile chains consisting of (a) cylindrical members with local resonances and (b) rigid
cylindrical members. Color represents the magnitude of the normalized total energy
with respect to the injected energy in percentage. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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TaggedPspatio-temporal map of wave propagation in the optimized chain is
obtained as shown in Fig. 5(d). The geometric configuration of the
optimized chain is illustrated in the right panel with the information
of its specific length distribution. As a reference, we also conduct the
optimization scheme for a cylinder chain with varying mass combi-
nations of its constituents, while suppressing their local resonant
behavior (i.e., infinite ki, j in Eq. (6)). The results are in Fig. 5(e), show-
ing a similar alignment pattern of particles (right panel) reported in
the reference [34]. We confirm that the alternating pattern of heavy
and light rods dominantly appears in order to induce wave disinte-
gration caused by strong wave reflection at the interfaces between
light and heavy particles. Consequently, the incident wave is disinte-
grated into pulses with long oscillatory tails. In the given setup, we
find that the maximum amplitude of the attenuated pulse felt at the
wall (85.5 N) is 57.6 % of the incident wave's amplitude (148.4 N).

TaggedPWhen the local resonance is considered, we observe that the inci-
dent wave disperses more widely in both temporal and spatial
domains relative to the non-resonant case (compare Fig. 5(d) and
(e)). As a result, the maximum force transmitted to the wall (28.5 N)
is merely 17.9% of the incident wave's force amplitude (159.6 N).
This is about 68.9% further improvement over the non-resonant
case, indicating that the local resonance substantially enhances the
wave attenuation performance of the discrete structures. It should
be also noted that the optimized arrangement of the chain under
the influence of local resonances deviates significantly from the
Fig. 7. (a) Surface map of experimental contact force proles, showing an incident portion
forces in each contacts obtained from numerical analysis (blue star) and experiment (red-
analysis (blue solid line) and experiment (red dashed line). (For interpretation of the refere
cle.)
TaggedPnon-resonant case (see the right panels in Fig. 5(d) and (e)). In the
local resonant case, we find that long cylinders (i.e., low-resonant
frequency members) are positioned in the front part, while the rods'
lengths gradually decrease (i.e., resonant frequencies increase) as we
approach the wall. This implies that the wave attenuation mecha-
nism due to local resonances is distinct from the wave dispersion
(i.e., disintegration) behavior observed from conventional heteroge-
neous woodpile chains.

TaggedPThe efficient impact mitigation in the locally resonant structures
is partially attributed to energy absorption mainly in longer rods
positioned in front part of the chain. To explain this, we compare
spatio-temporal maps of energy density between the two chain
models with and without local resonances (Fig. 6(a) and (b)). Here
the energy in each rod (Eq. (8)) is normalized with respect to the ini-
tial energy carried by the striker (corresponding to the layer number
‘0’ in Fig. 6). After the striker impact, we observe that the locally res-
onant model leaves behind residual energy in the form of local
potentials stored in auxiliary masses. Therefore, we witness drastic
decrease of the energy level in Fig. 6(a), as nonlinear waves propa-
gate towards the wall. This is in sharp contrast to the non-resonant
case in Fig. 6(b), where particles' energy is immediately recovered to
a near-ground level, after the wave front passes by each particle
spot. This implies that to achieve wave attenuation, the non-reso-
nant chain relies solely on the wave reflection and disintegration
mechanism among the primary mass units, since they do not have
the capability of storing energy in local potentials. It is also notable
that the restitution coefficients of the striker are different between
the two models: e D34X XDD35X X0.2570 and 0.4991 for the resonant and non-res-
onant models, respectively. This means the resonant model absorbs
more energy, though it eventually transmits mechanical waves with
smaller amplitude after energy localization, compared to the non-
resonant model.

TaggedPNow we verify the impact mitigation mechanism via experimen-
tal testing. Fig. D36X X7(a) shows the empirical results of the wave attenua-
tion pattern for the optimized configuration of the cylinder chain
(see the right panel of Fig. 5(d)). Note that this only shows the inci-
dent portion of the waves in each contact measured with the testing
procedure explained in Section 2, while the numerical result in Fig. 5
(d) shows both incident and reflected parts. In Fig. 7(a), the impact
mitigation process can be divided into three steps. In the first step,
the strong incident wave by the striker impact undergoes significant
attenuation by energy absorption and splitting into two groups (see
the ridges of the surface map in Fig. 7(a) marked by white curves in
the step-1 region). This occurs within the first six rods of the cylinder
chain composed of 80- and 70-mm rods. In principle, this mecha-
nism is analogous to the wave group splitting phenomenon in a
of the wave propagation in the optimized woodpile structure. (b) Maximum contact
colored errorbar) (c) Comparison of contact forces at last contact between numerical
nces to color in this figure legend, the reader is referred to the web version of this arti-
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TaggedPhomogeneous chain composed of 80mm rods (Fig. 5(c)), where an
incident wave is divided into two groups of similar amplitudes
(»0.2ms apart) due to a pair of low-frequency local resonances. In
the second step, the divided waves are split again by the local reso-
nances of 60- and 50-mm rods positioned in the 7th-10th layers. For
this splitting, shorter rods are used compared to the first step, since
we need to disintegrate waves into more densely spaced branches in
the time domain. Lastly, the waves gradually disperse and diffuse by
passing through the short rods (20 - 40mm) in a relatively disor-
dered pattern.

TaggedPFigure 7(b) shows experimental (red dots with errorbars repre-
senting standard deviations from five tests) and numerical (blue
stars) results of the maximum contact forces at the particles' interfa-
ces. This shows that the wave attenuation mostly occurs within the
first eleven rods by the wave absorption and splitting under the low
frequency resonances (i.e., 80 and 70mm rods) followed by the high
frequency ones (i.e., 60 and 50mm rods). In the rear part of the
chain, the wave attenuation is less evident, but the alternating short
rods (20 D37X X�40mm) play a role of dispersing the scattered waves
and making them equipartition (see the lower wake in step-3 in
Fig. 7(a)). The discrepancy between the experimental and analytical
data in Fig. 7(b) is mainly due to the modified boundary condition in
the test; the contact between the rod and the sensor cap in experi-
ment is stiffer than that between the two rods in analysis. Moreover,
the force measured at the fixed wall (i.e., force sensor) is amplified
due to the overlap of the incident and reflected waves. Therefore,
the measured forces are larger than those from analysis data. How-
ever, the boundary condition for the last contact interface (i.e.,
between the 20th rod and the wall) in the test is identical to that of
the analysis. Fig. D38X X 7(c) shows that the force profile experimentally
measured at the wall agrees well with the analytical one, both con-
firming the drastic reduction of transmitted waves through the
locally resonant woodpile structure. It is noted that the measured
maximum contact forces are less than those from analysis in rear
part of the chain as shown in Fig. 7(b) and D39X X(c). This is because the
damping in the test setup, which is not considered in analysis.

5. Blast wave propagation in woodpile metamaterials

TaggedPWe also numerically demonstrate the blast-wave propagation in
woodpile metamaterials. The blast-wave is generated by an explo-
sive, and its explosion makes supersonic expansion of pressure and
forms a leading shock wave front of compressed gas with following
blast wind in opposite direction (negative phase) [40]. In the numer-
ical simulation, we directly applied a force profile analogue to blast-
wave front (see Fig. 8) on the top of the woodpile metamaterial. We
assume that the effect of negative phase of the blast-wave on the
Fig. 8. Temporal profile of blast loading used in numerical simulation.
TaggedPwoodpile metamaterial is negligible due to weak rarefaction [14].
This force profile reasonably resembles a realistic air blast shown in
[12�14,41] and has been used for the blast-wave simulation in [33].
The choice of maximum force F0 and temporal width Td is based on
these references.

TaggedPWe also analyze the blast-wave propagation in the four different
models: three periodic chains consisting of 20mm, 40mm, and
80mm rods, respectively, and an optimized chain. The optimized
chain has a configuration [50 80 80 80 60 70 80 80 40 30 40 40 40 30
50 40 20 20 30 50] (here, the numbers represent the rod length in
[mm] from top to the bottom), which is obtained from the genetic
algorithm using the given blast-loading condition. Wave propaga-
tions in the four models are presented in Fig. 9(a), (c), (e), and (g),
where the amplitude represents contact force at each contact. Owing
to the relatively large time duration of the blast loading (»0.5ms),
multiple contacts happen at the first contact (between the first and
second rods), which induce multiple wave propagations. The effect
of local resonance on wave propagation in the 20mm model is
minor due to the high resonance frequency (»55 kHz), while in the
40-mm model and 80-mm model the propagating waves are
affected substantially by the effective local resonances of each rod
(»15 kHz for 40mm, »4 kHz and »20 kHz for 80mm. See Table 1).
The local resonance disintegrates the blast-wave in the temporal
and spatial domains showing modulated wave patterns. In the opti-
mized chain the transmitted force profile shows blunted shape with
low amplitude (Fig. 9g). The optimized chain under the blast-wave
has similar configuration with that for impact mitigation; in general,
longer rods are positioned in the front part of the chain, and the rod
length decreases near the bottom. This represents that similar wave
attenuation mechanism is applied for both impact and blast-wave
mitigation cases.

TaggedPTo understand the effect of local resonance on wave propagation
in frequency domain, we investigate the frequency spectra of the
wave as shown in Fig. 9(b), (d), (f), and (h). These are obtained from
fast Fourier transform (FFT) of the signals shown in Fig. 9(a), (c), (e),
and (g), respectively. In the periodic chains (Fig. 9(b), (d), and (f)),
we observe that the frequency contents of the propagating wave
depends on the constituent rod of the model. Once the blast loading
applied to the structures, the energy in frequency domain becomes
redistributed depending on the system's resonant characteristics.
Particularly in periodic structures the wave energy becomes sparse
in specific frequency regimes where the effective mass density
becomes negative (vI(II) < v < v1(2)). We observe such low-energy
bands in 38 D40X XkHz » 55 kHz in Fig. 9(b), 10 kHz »15 kHz in Fig. 9(d),
and 2.7 kHz » 3.9 kHz and 15 kHz » 20 kHz in Fig. 9(f). It is noted
that in the linear periodic media the negative effective mass makes
the linear wave reflected back as shown in linear acoustic metama-
terials [33], while in nonlinear periodic media the negative effective
mass redistributes the energy in frequency domain and makes the
localized energy more dispersed (see Fig. 5(a), (b), (c), and Fig. 9(a),
(c), (e)). Also, we witness that the local resonance partially absorbs
the wave energy. In the optimized chain, the consistent frequency
band is not observed due to a mixture of various local resonances.
However, once the blast-loading applied to the chain, a noticeable
amount of the shock energy is redistributed to high frequency
regime. This high frequency energy is partially absorbed by the local
resonances, reflected by the mismatch in particle masses, and trans-
ferred to the lower frequency regime as it propagates. Eventually
only low-frequency energy is transmitted dominantly to the last
layer resulting in minimizing the peak force.

TaggedPWe compare peak values in the transmitted energy profile of the
four models (see the color intensity of the colormaps in Fig. 9(a), (c),
(e), and (g)) and find that the peaks of transmitted energy in 40mm
model and 80mm model are about 70% of that in 20mm model.
Again, this is due to the wave dispersion by the effect of local reso-
nance. Astonishingly, the peak of transmitted energy in optimized



Fig. 9. Shock propagations under a blast loading in cylinder chains consisting of (a) 20mm rods, (c) 40mm rods and (e) 80mm rods in periodic architecture, and (g) in the opti-
mized chain. The corresponding frequency spectra of the propagating wave are shown in (b), (d), (f), and (h), respectively.
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TaggedPchain is only 8.3% of that in 20mm model. We identify that the peak
values in the four models depends on the stiffness of the last contact,
but the relative peak amplitudes among the four models do not
show noticeable changes under the variations of the wall stiffness.
6. Conclusions

TaggedPIn this research, we investigate the effect of local resonance on
shock attenuation by using a nonlinear mechanical metamaterials
composed of orthogonally stacked cylindrical rods. We report a sig-
nificant improvement of shock attenuation performance in the
metamaterials having local resonance, compared to the equivalent,
non-resonant one. By using a genetic algorithm, we obtain an opti-
mal arrangement of the locally resonant woodpile architecture for
the maximum wave attenuation. We find that by locating low-fre-
quency components (i.e., long cylinders) in the initial part and grad-
ually populating high-frequency components (i.e., short cylinders)
in the rear part, we can substantially absorb the shock energy and
successively split the impact waves into several weak waves for
TaggedPachieving efficient wave attenuation. We also find that disordered
patterns of short cylinders with high resonant frequencies make the
wave equipartition. This wave absorption and dispersion mechanism
based on local resonances enhances the wave attenuation capability
of discrete structures and offers a new way to develop impact/blast
protecting metamaterials with high stiffness.
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