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ABSTRACT

Architected metamaterials have emerged as a central topic in materials science and mechanics, thanks to the rapid development of additive
manufacturing techniques, which have enabled artificial materials with outstanding mechanical properties. This Letter seeks to investigate
the elastodynamic behavior of octet truss lattices as an important type of architected metamaterials for high effective strength and vibration
shielding. We design, fabricate, and experimentally characterize three types of octet truss structures, including two homogenous structures
with either thin or thick struts and one hybrid structure with alternating strut thickness. High elastic wave transmission rate is observed for
the lattice with thick struts, while strong vibration mitigation is captured from the homogenous octet truss structure with thin struts as well
as the hybrid octet truss lattice, though the underlying mechanisms for attenuation are fundamentally different (viscoelasticity induced
dampening vs bandgaps). Compressional tests are also conducted to evaluate the effective stiffness of the three lattices. This study could
open an avenue toward multifunctional architected metamaterials for vibration shielding with high mechanical strength.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0140673

Architected metamaterials are engineered structures and/or
material compositions that can provide unprecedented mechanical
and dynamic properties—low density coupled with high strength and
stiffness,”” negative Poisson’s ratio, negative stiffness for energy
absorption,”” negative thermal expansion coefficient,” and vibration
control.” ' They are generally built with connected struts and masses
in a sophisticated design configuration to achieve the above-
mentioned behaviors and functionalities. In particular, octet truss-
based architected metamaterial (OTAM)'” is a structure best known
for its high strength-to-weight ratio due to its stretch-dominated archi-
tecture.'” The highly connected node networks in the OTAM structure
provide outstanding stiffness with low density.' In addition, the defor-
mation mechanism of OTAMs endows them with excellent energy
absorption capability,”” ' therefore making them promising candi-
dates for lightweight protection materials.”” While OTAMs have been
primarily studied for their mechanical (quasi-static) properties, their

elastodynamic behaviors remain elusive in the context of stress wave
propagation. Messener et al.”’ theoretically characterized the effective
dynamic properties of a periodic octet truss structure by evaluating the
elastic wave dispersion relation at the long-wavelength regime. Beyond
this approximative dynamic description of the lattice based on homog-
enization theory, further investigation of the elastodynamic properties
of OTAMs is important as they could be proven a useful multifunc-
tional material for providing outstanding load resistance and vibration
attenuation. This constitutes the motivation for this study.

Targeting multifunctional capability, several studies dealt with
engineering lightweight architected metamaterials for sound and
vibration control with high mechanical strength. These investigations
included high stiffness panels for sound absorption**** and vibration
attenuation with controllable Poisson’s ratio”® and mechanical
strength.””*® The present work focuses specifically on the octet truss
lattice that presents outstanding mechanical strength but a limited
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vibration attenuation ability. We seek to address this performance lim-
itation of octet truss lattices for vibration mitigation by considering a
hybrid design architecture.

There are two main mechanisms that could be at play for vibra-
tion attenuation: energy dissipation (e.g., due to the viscoelasticity of
the intrinsic material) and reflection [due to the presence of bandgaps
(BGs)]. In engineering applications, energy dissipation is the primary
means for vibration attenuation (e.g., rubber vibration isolators).
However, BG-based vibration reduction can potentially lead to a
greater amount of transmission loss. Very recently, Aguzzi et al.””*’
investigated the wave dispersion for a plate made of octet truss lattice
and showed BGs at low frequency. Although their plate-type octet
truss structure shows promising performance for vibration mitigation,
it was designed for controlling plate waves. In this present work, we
consider the octet truss lattice as a truly 3D lattice (rather than a 2D
plate structure) for bulk vibration mitigation, which is fundamentally
different from that of Aguzzi et al””*" The bulk wave velocity is, in
general, greater than that of plate waves when the plate thickness is
comparable to wavelength. Consequently, the wave dispersion by a
periodic lattice is produced at higher frequencies for bulk waves in
comparison with the case of a plate structure. Our 3D OTAM lattices
are designed for bulk wave dispersion and attenuation, where the chal-
lenge is to achieve these functionalities at low frequencies.
Furthermore, we also consider hybrid OTAMs for the purpose of low
frequency vibration shielding with BGs that, otherwise, would not exist
at the specific period under study with the permissible strut size.

In this Letter, we study the OTAMs where particular attention is
brought to the structural design and the lattice’s elastodynamic prop-
erties to achieve vibration attenuation while maintaining its excellent
mechanical property. Three designs of OTAM are considered: OTAM
with thin struts, thick struts, and hybrid OTAM made by alternating
octet truss units with thin and thick struts. For each OTAM design,
the elastodynamic properties have been investigated using numerical
analysis and experimental realization via a 3D printing technique fol-
lowed by dynamic and static characterizations to evaluate its capability
to attenuate vibration and its mechanical strength.

The three OTAMs are periodic lattices of octet truss units made
of cylindrical struts (rods) having the same diameter [Fig. 1(a)]. The
unit cell length (period) is a = 1.5 cm. Throughout this study, the
material mechanical properties used in the numerical simulation are
those of the polymeric material used in 3D printing, which are the
density p = 1175.5kg/m? Young’s modulus E = 3GPa, and
Poisson’s ratio v = 0.46. To determine these properties, samples of
the polymeric material were printed and tested on MTS Criterion—
model 43 with 20 kN loadcell and video extensometer, MTS Systems.
The specimen size follows the ASTM E8 standard tensile test method.
At room temperature (22 °C), the tensile force on the specimen was
measured with a load cell under 0.01 mm/s overhead displacement.
Simultaneously, longitudinal and transverse strains were recorded by
the video extensometer and used to determine Young’s modulus and
Poisson’s ratio of the printed materials. Furthermore, as the used poly-
meric material is viscoelastic, we performed multifrequency dynamic
tests to measure the dynamic modulus and the mechanical loss factor
via Q800 dynamic mechanical analysis (DMA), TA Instruments. In a
dynamic tension mode, an oscillating force was applied to the sample,
and the sample’s response to the force was analyzed via the time-
temperature superposition analysis.” Consequently, we considered
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FIG. 1. (a) Octet truss lattice with unit cell (Upper panel). Band structures for the
cases of struts diameter of 3 and 1 mm (bottom panel). (b) Hybrid octet truss lattice
made of alternating octet truss unit cells with different struts diameters (1 and
3mm). The band structure shows the appearance of BGs (bottom panel, shaded
regions). Note the different frequency ranges in the band structures.

the approximate value of 0.12 for the loss factor in the numerical sim-
ulations for evaluating the wave transmission through the OTAMs
and the hybrid OTAM.

We first calculated the dispersion curves for the three OTAM lat-
tices by considering a unit cell (Fig. 1) using the eigenfrequency analy-
sis in the commercial software COMSOL Multiphysics. The first
OTAM was made of rods with a diameter of 3 mm [Fig. 1(a), bottom
left panel], the second one was with 1 mm diameter [Fig. 1(2), bottom
right panel], and the third OTAM was made by alternating octet truss
units with rod diameters 1 and 3 mm [Fig. 1(b)]. We refer to this third
lattice as the hybrid OTAM (HOTAM). The two OTAMs are periodic
in all three directions in space, so an octet truss unit cell was consid-
ered with periodic boundary conditions in all three directions for the
band structure calculation. For the HOTAM, since the periodic alter-
nation of the octet truss units with different diameters is along the
x direction in space [Fig. 1(b)], the periodicity is 3 cm along this direc-
tion, while it is 1.5cm along y and z directions. We limit our disper-
sion calculation to the ['-Z direction in the irreducible Brillouin zone,
which corresponds to the propagation direction along the octet truss
units’ alternation in the HOTAM, because the wave transmission will
be studied only in this same direction later in the study. We note that
this direction is consistent with the loading direction of octet truss lat-
tices. The full band structure of the HOTAM lattice is presented in the
supplementary material.

In the case of thick rods OTAM (3 mm diameter), the band
structure shows no dispersion up to 20kHz, while for frequencies
higher than 20kHz, the lattice displays strong band dispersion but
with no BGs [Fig. 1(a), bottom left panel]. However, when considering
the OTAM with thin rods (1 mm diameter), strong band dispersion is
depicted starting from 7.87 kHz with no BG as well [Fig. 1(a), bottom
right panel]. For the case of HOTAM, several BGs can be seen below
15kHz with the lowest one extending from 5.4 to 8.6 kHz [Fig. 1(b)].
The alternation of the rods diameter from one octet truss unit to the
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adjacent one induces a periodic change in the effective stiffness of the
HOTAM as the octet truss units with thick rods display a higher effec-
tive stiffness than that of the units with thin rods. This makes the
HOTAM a phononic crystal with BGs. These BGs are created by
the mechanism of Bragg scattering caused by the periodicity of the
lattice.”

We then fabricated samples to study the dynamic and quasi-
static behaviors of the three lattices. We chose to make samples of
5% 2 x 2 octet truss units [insets in Figs. 2(b)-2(d)]. The fabrication
of the OTAM and HOTAM samples was made possible by stereoli-
thography (SLA) using a Formlab Form 3+ 3D printer. All micro-
structures were fabricated with a specific orientation, approximately
30° tilted from the normal direction to the horizontal plane, to avoid
internal support structures within the lattices from the 3D printing.
The selected printing resolution had a layer thickness of 25 um. While
the two OTAMs were made with struts of 1 and 3 mm diameters, the
HOTAM was constructed by alternating rods diameter of the units
starting with 3 mm at the base [see inset in Fig. 2(d)]. In addition to
the lattice-based microstructure, the fabricated samples have plates
with a thickness of 3mm on both ends for the convenience of the
experimental characterization. The samples were tested immediately
after fabrication to preserve the initial constituent material stiffness as
the material gets hardened over time, particularly when exposed to
light. Three samples were fabricated for each design, which allowed us
to evaluate the standard derivation of experimental results.

The elastic wave transmission measurements through the OTAM
and HOTAM samples were carried out by connecting a K2004E01-SU
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FIG. 2. (a) Experimental setup for measuring the elastic wave transmission through
the OTAM and HOTAM samples. A shaker is used for wave excitation, and an
accelerometer is used for measuring the transmitted wave. (b) and (c)
Experimental measurements (colored solid lines) and numerical calculations (solid
black lines) of the wave transmission as a function of the frequency for OTAMs with
rods thicknesses 3 mm [orange line in (b)] and 1 mm [green line in (c)], and the
HOTAM [purple line in (d)]. The shaded region on the colored curves marks the
shaded error bar deduced from standard deviation of the repeated measurements.
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Mini Shaker into the plate on one end of the sample, and the shaker
was connected to a function (signal) generator, PicoScope (series
5000), that facilitates the longitudinal wave excitations. The plate of
the other end of the sample was connected to an accelerometer [PCB
Piezotronics 352C67 (100 mV/g)] to measure the transmitted wave
through the sample from one end to the other. The accelerometer was
connected to a PCB Piezotronics ICP Sensor Signal Conditioner
(482B11), which amplifies the acquired signal and transmits the data
into a PicoScope (series 5000 oscilloscopes). The reference frequency
of the PicoScope was programmed to drive the mechanical shaker to
cycle from 2 to 15 kHz, at an amplitude of 60 mV, with an incrementa-
tion of 100 Hz every second [Fig. 2(a)].

The measured transmission curves for the OTAMs and HOTAM
samples are presented in Figs. 2(b)-2(d), along with the numerically
calculated transmission (via COMSOL) for the sake of comparison. In
the case of OTAM with thick rods (3 mm diameter), relatively strong
wave transmission is depicted in both measurement and simulation in
the range of frequencies 2-15kHz, except for the presence of a dip at
14.2 kHz, which is likely due to the anti-resonance of the plate in con-
tact with the shaker [Fig. 2(b)]. This dip is also depicted but at a higher
frequency (a little above 15 kHz) in the measurement. However, in the
case of OTAM with thin rods (1 mm), the experimental and calculated
transmissions show a significant drop from 6 kHz to higher frequen-
cies [Fig. 2(c)], though the dispersion curve calculation does not show
any presence of BGs [Fig. 1(a)]. This drop is caused by the viscoelastic
loss of the used polymeric materials as thin rods support high order
modes at this range of frequency that can be damped by the loss.
Good agreement is found between simulation and measurement
results. In the case of HOTAM, strong wave attenuation is observed
between 6 and 12kHz with relatively good agreement between the
measured and calculated transmissions [Fig. 2(d)]. This wave attenua-
tion is caused by the presence of the BG from the periodicity of the
hybrid lattice. A discussion about the effect of viscoelasticity in
HOTAM is presented in the supplementary material. In summary,
accessing wave attenuation with octet truss lattices below 15 kHz with
the period of 1.5 cm can be achieved via the HOTAM using the BG or
the OTAM with thin rods via viscoelasticity of the polymeric material.
However, it is expected that the two samples would show different
mechanical strengths.

In order to measure the effective mechanical properties of the
three architected metamaterials, compressional tests were performed
using QTest 100 (100kN frame) with 10kN loadcell, MTS Systems
[Fig. 3(a)]. The experiment was conducted with 0.01 mm/s overhead
displacement, while the reaction force was measured through the load
cell at room temperature (22 °C). Based on measured stress and strain,
the effective stiffness and ultimate strength of each specimen were
determined. Figures 3(b)-3(d) show the stress-strain curves for the
OTAMs with rods thickness of 3 mm [Fig. 3(b)] and 1 mm [Fig. 3(¢)]
and for the HOTAM ([Fig. 3(d)]. From these curves, we deduced the
effective stiffness and the ultimate strength for the three structures,
which are summarized in Table I. The 3D printed OTAM lattices were
made of a strong polymer (Formlabs, clear resin). In the compression
test, we observed that the stress of OTAM with thin rods reaches its
peak value when the lattice reaches its elastic limit, after which stage
the stress drops due to the buckling of the struts. For OTAM with
thick rods, the lattice shows a typical ductile behavior, with fracture
occurring at a high level of strain. No buckling was observed due to
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FIG. 3. (a) Compressional test on the OTAM and HOTAM. (b)—(d) Compression
test results as the measured stress-strain curve for the OTAMs with rods diameter
3 (b) and 1 mm (c) as well as for the HOTAM (d).

the low aspect ratio of the struts. For the HOTAM, we observed local
buckling at the layer with thinner rods after the linear region. With
further increase in strain, local fractures were observed at the junction
of thin and thick rods (see videos of the tests in the supplementary
material). Furthermore, the more brittle response of HOTAM com-
pared with OTAM with thick rods is mainly due to thin strut thickness
and local rupture. For HOTAM, the buckling stress of the lattice
depends on the thin struts rather than the thick struts if considering a
compression direction of (1,0,0), as presented in this work. Therefore,
the HOTAM shows lower stiffness than the OTAM with thick rods.
We observed some local fractures during the compression test of
HOTAM, which can be attributed to stress concentrations at the junc-
tion of thin and thick rods.

From Table I, it is clear that the effective stiffness and strength of
the OTAM with thick rods (3 mm diameter) are one order of magni-
tude higher than those of the OTAM with thin rods (1 mm) and the
HOTAM. Nevertheless, although the stiffness of the HOTAM is 4
times higher than that of the OTAM with 1 mm rod diameter, the
density of the HOTAM is 4.6 times larger, which leads to a slightly

TABLE . Effective mechanical properties of the OTAMs and HOTAM samples.

OTAM OTAM

with 3mm with 1lmm HOTAM
Effective density p.g (kg/m’)  444.67 62.82 291.51
Relative density (0 = pe/po) 37.83% 5.34% 24.80%
Effective stiffness Ecir (MPa) 121.98 4.20 16.71
Normalized stiffness 322.46 78.60 67.38
Ect/p (MPa)
Ultimate strength (MPa) 5.33 0.11 0.20

scitation.org/journal/apl

lower normalized stiffness of the HOTAM in comparison to the
OTAM. In addition, the ultimate strength of HOTAM remains higher
than that of the OTAM. In short, though the OTAM with thick rods
displays the highest mechanical strength, its ability to shield elastic
waves is limited in comparison to the OTAM with thin rods, which
has the drawback of having a relatively poor mechanical strength. A
combination between the two OTAMs, which gives the HOTAM,
increases the ultimate strength while providing the ability to shield
vibration based on the mechanism of BG.

In conclusion, we have investigated the mechanical strength and
elastodynamic properties of three types of octet truss lattices: two
OTAMs with homogenous struts diameters and a hybrid OTAM with
alternating octet truss units with different rod diameters. The OTAM
with thick rods (3 mm) displays high effective stiffness and ultimate
strength but has a low capability for attenuating vibration at low fre-
quencies (below 13 kHz). However, although the rod’s diameter can be
lowered to enable the OTAM capability for elastic wave shielding via
the viscoelastic effect, its stiffness and strength are lowered by almost
two orders of magnitude, which may hinder its usability. Combining
the two OTAM designs by alternating the octet truss units with differ-
ent rod diameters, on the other hand, increases the effective stiffness of
the lattice while endowing the structure with the ability of elastic wave
mitigation through the mechanism of BG. The present study could
open routes toward heterogeneous design of 3D architected lattices
with increased mechanical strength while providing opportunities for
vibration control.

See the supplementary material for the study on the effect of vis-
coelasticity, the characterization of the loss factor of the polymeric
material, the full band structure of the HOTAM, and the multimedia
views of the compression tests.
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