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ABSTRACT

We study helical acoustic metamaterials and demonstrate the ability to vary the materials’ dispersion properties by controlling geometrical
structure and mass distribution. By locally adding eccentric, higher density elements in the unit cells, we perturb the moment of inertia of the
system and introduce centro-asymmetry. This allows controlling the degree of mode coupling and the width of subwavelength bandgaps in
the dispersion relation, which are the product of enhanced local resonance hybridization. We characterize the distinct normal modes in our
metamaterials using finite element simulations and analytically quantify the coupling between each mode. The evolution of acoustic bandg-
aps induced by the increasing level of centro-asymmetry is experimentally validated with 3D-printed structures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106740

Phononic crystals (PCs) and acoustic metamaterials (MMs) are
rationally designed structured materials that can be engineered to con-
trol the propagation of acoustic and elastic waves. Traveling waves are
reflected,’ ” transmitted,” or guided,” depending on the geometry,”*
stiffness,”'’ and structural composition.'' Frequency bands of forbid-
den wave propagation (bandgaps) can be created by introducing Bragg
scattering phenomena'>'” or resonant structures.'”'” Variations in
the geometry or elastic modulus, achieved with electrical,'® piezoelec-
tric,” and mechanical stimuli”'’ or via enhanced coupling between
different vibrational modes,'® have been used to manipulate the loca-
tion and width of bandgaps.

PCs and MMs have been shown to present large controllability
of their vibration and sound attenuation with structural elements
that undergo deformations, like deflection or buckling.”'” Among
these, chiral materials have been recently shown to support bandgap
and mode tunability,zo 2! and they have also been studied for their
unique mechanical properties,”” like negative thermal expan-
sion”"** and high impact absorption.”” Chiral materials can be sug-
gested as solutions for a number of industrial applications,” like
airfoil stability”® and catheters.”” Recently, a new design of 3D chiral
mechanical metamaterials has emerged and their dynamic proper-
ties have been characterized, showing distinctive wave modes, such
as lifted degeneracy of two circularly polarized eigenmodes.”**” The
role of centrosymmetry in chiral metamaterials and its effects on
wave propagating properties have also been investigated in the con-
text of tacticity.”

In this Letter, we study the dynamic characteristics of 3D-
printed, chiral materials with a helicoidal shape (herein defined as heli-
cal metamaterials or HMMs). The HMM s are fabricated using a single
acrylic polymer with added masses. We design their architecture to
accommodate for centro-asymmetry, which allows for mode coupling
and subwavelength bandgap formation. Leveraging these characteris-
tics, we provide experimental evidence for the control of the HMMs
modal response and frequency bandgaps, making them a promising
new class of materials for vibration isolation.

Inspired by the helicoidal configuration of Bouligand struc-
tures”*” and DNA™ [Fig. 1(a)], we design and study a chiral structure
consisting of horizontal beams, with radius R=2.5mm and length
L=25mm, connected by thin, linear elastic pillars, with radius
r=1.25mm and length /= 6.6 mm. These HMMs can be represented
by a classical mass-spring system, where the horizontal beams function
as discrete “masses” and the connecting pillars function as “springs.”
To ensure linear elastic interactions, we design pillars that are ten
times lighter than the horizontal masses. Two connecting pillars,
spaced 6.25 mm apart, are included between each beam for structural
stability. To induce chirality, we rotate each mass-beam 45° with
respect to its adjacent beam. We use the finite element method (FEM)
to numerically analyze the normal modes of our metamaterials
(COMSOL Multiphysics®). The normal modes of the HMMs excited
by a plane wave traveling in the z-direction are shown in Fig. 1(b). The
colors in Figs. 1(b) and 1(c) represent volumetric strain distribution,
which shows that the deformation is mostly concentrated on the
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(a)

Torsional mode Rotational mode

FIG. 1. Schematic of the samples’ geometry and vibrational modes. (a) HMMs are
inspired by Bouligand structures and the shape and aspect ratio of DNA molecules.
(b) Normal modes of HMMs excited by a plane wave in the z-direction: longitudinal
(left: isometric, right: side view), torsional (left: isometric, right: top view), and
degenerate rotational mode (left: isometric, right: side view). Coordinate system
indicates the coordinates of the isometric view. Black lines show the reference posi-
tions. (c) Truncated unit cells show different deformation behaviors of the connect-
ing beams for each mode. The color shows volumetric strain distribution, where red
indicates expansion and blue represents compression.

connecting pillars. The longitudinal mode represents the motion par-
allel to the vertical axis, whereas the torsional mode generates a propa-
gating twist. The strain distribution shows that the connecting pillars
undergo tension and compression for the longitudinal mode, whereas
they twist under the torsional mode. Because of the structure’s chiral
nature, expansion and compression of the longitudinal mode stimulate
the torsional behavior of the HMMs, and vice versa. The rotational
mode corresponds to a flexural mode, which bends the connecting pil-
lars as they deform, while the chirality induces a propagating rota-
tional wave around the central axis.

To analyze the effects of centrosymmetry on the acoustic charac-
teristics of the HMMs, we adjust the center of mass of the horizontal
beams, by inserting high-density stainless steel cylinders
(p =7800kg/m®) in precut holes on the beams core. These high-
density inserts are roughly seven times heavier than the base material
used for the beams and connecting pillars (VeroWhite, p = 1165 kg/m’,
Stratasys ™). When additional high-density inserts are arranged in one
end of the beams, the beam’s overall center of mass (red point) shifts
further away from the central axis (white cross) of the HMMs [Figs.
2(a)-2(c)]. In all examples, we maintain the total mass and volume of
the samples constant, by only re-positioning the steel inserts. We derive
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FIG. 2. (a)—(c) Top views of the HMMs model, which consists of two different mate-
rials (light gray: VeroWhite and black: stainless steel) with increasing centro-
asymmetry. The white cross shows the center axis of the HMMs and the red point
shows the center of mass of the top beam. (d)—(f) Corresponding dispersion curves
with normalized frequency as a function of wavenumber. The height of the unit cell
a is 8.cm. Blue crosses, black circles, and red asterisks represent the longitudinal
mode, the torsional mode, and the rotational mode, respectively. Orange points indi-
cate the fransitional modes between different types of normal modes, while the
dashed purple lines represent the solution from the ladder-like analytical model.

the respective dispersion curves with normalized frequency and wave-
number [Figs. 2(d)-2(f)] using the FE model under the 1D Bloch peri-
odic boundary condition. The frequency is normalized by the
characteristic frequency of the longitudinal mode, which is the square
root of the compressive stiffness divided by the mass of the horizontal
cylinder. The wavenumber ranges from 0 to 7/a, where a is the height
of the unit cell (a = 8 cm). The different colored lines represent different
wave modes, which are determined numerically. We used normalized
volume-averaged displacements and curls to categorize the data points
into longitudinal, torsional, and rotational modes. The blue line with x
markers represents the dispersion characteristics of longitudinal waves.
We identify the longitudinal mode by filtering through the modes with
the normalized z-displacements greater than 1/2/3. Unsurprisingly, we
note that longitudinal waves travel at the fastest speed, in comparison to
other modes. The torsional mode (black circles) is the second fastest
wave propagating through the structure, which is filtered by the higher
volume-averaged curls (>1/+/3) and the smaller volume-averaged dis-
placements (<1/ V/2) in the z-direction. The slowest rotational mode
(red asterisks) splits into two orthogonal modes, which arise from the
chirality of the structure. The rotational modes are characterized by
the larger lateral displacements, greater than 1/+/3, perpendicular to the
central axis. For right-handed HMMs, a flexural wave rotating in the
counterclockwise direction interacts with other modes and creates
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partial bandgaps. A clockwise rotating flexural wave has minimal cou-
pling with different modes and remains undisturbed even with strong
centro-asymmetry. Other data points which do not fall into the above-
mentioned categories are defined as transitional modes.

In the centrosymmetric structure, no apparent coupling between
the existing modes is observed in the low frequency range [Fig. 2(d)].
As the structures become more centro-asymmetric, coupling between
the different modes gets stronger and subwavelength longitudinal
bandgaps emerge due to local resonance of the constituent elements.”*
We adopt a ladder-like metamaterials approach,” to develop an ana-
Iytical model and quantify the coupling spring constant y between the
longitudinal mode and the rest of the modes. The derivation can be
found in the supplementary material. The coupling constant gradually
changes from 0 to 2.08 to 3.00 with increasing centro-asymmetry. We
observe the widening of a longitudinal bandgap with enhanced cou-
pling. The analytical model captures the slope of two branches that
forms the longitudinal bandgap and shows the veering phenomena
between the longitudinal mode and the torsional mode.”® However,
the model is based on two parallel mass-spring chains that are allowed
to move in a single dimension only, which explains why it cannot fully
grasp the complexity of the numerical solution.

To validate the numerical simulation results, we 3D-print peri-
odic HMMs with varying levels of centro-asymmetry and characterize
them experimentally [Fig. 3(b)]. We fabricate samples with six unit
cells (= 48 cm) using a high-resolution PolyJet 3D printing technique
(Stratasys Ltd., Connex 500). Due to the high aspect ratio of the sam-
ples, we use two minimally tensioned strings to hold the samples later-
ally from adjacent supports [Fig. 3(a)]. The base structures are built
with VeroWhite acrylic photoresist, whose constituent properties are
E=2.5GPa, v =033, and p=1165 kg/m3. We measure the stiffness
of the VeroWhite acrylic polymer from dynamic characterization and
the density using a regular scale. For the dynamic characterization, we
measure the longitudinal wave speed of cylindrical samples with finite
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length to derive the Young’s modulus from the relation, ¢; = \/E/p.
We use stainless steel mass inserts with E= 200 GPa, v =0.27, and
p =7800 kg/rn3. Stainless steel rods (4 mm in diameter) are used as
the weight inserts because of their high density, relative to VeroWhite.
We use a piezoelectric transducer (Bruel & Kjaer, type 4810) to trans-
mit the signal to the sample. Signals are generated by an arbitrary
function generator (Keysight Technologies, 33522B), which is con-
nected to a power amplifier (Bruel & Kjaer, type 2718). Hann-
windowed three-cycle sinusoidal pulses are used to excite the lattices
at a central frequency f= 3 kHz. We measure the transmitted pulse on
the top surface of the sample using a laser Doppler vibrometer
(Polytec, CLV-2534), which is sent to an oscilloscope (Tektronix, DPO
3014). The function generator and the oscilloscope are connected to a
PC, which enable the integration of signal generation and data acquisi-
tion functionalities into a single MATLAB code.

Our FEM simulations predict that the size of the longitudinal
bandgaps increases with higher levels of centro-asymmetry [Fig. 4(a)].
The deviation at the 0.625° comes from a transition of the longitudinal
mode’s coupling behavior. A more detailed description of the plot and
the dispersion curves for all cases are included in the supplementary
material. The transmission plots for the centrosymmetric case, the
moderately centro-asymmetric case, and the fully centro-asymmetric
case are shown in Fig. 4(b). The overlaying blue dots represent the lon-
gitudinal mode extracted from the dispersion curves, and the blue
boxes highlight the longitudinal bandgaps identified through numeri-
cal simulations. The red boxes indicate where the transmission is less
than —15dB (~18%) from the experimental results. The experimental
tests show that the bandgaps are slightly shifted from the numerical
simulations. The bandgap of the longitudinal mode widens as the
HMMs become more centro-asymmetric, which coincides with the
prediction. However, the subwavelength bandgaps at lower frequency
range (<500 Hz) are not observed experimentally because the fabri-
cated samples are not sufficiently tall to attenuate longer wavelength

FIG. 3. (a) Schematic diagram and picture of the experimental setup for transmission measurements. (b) 3D-printed samples with added stainless steel inserts for varying cen-
tro-asymmetry: (i) 50-50 material distribution on both ends (centrosymmetric, 6.25:6.25 mm length ratio); (i) 25-75 material distribution (moderately centro-asymmetric,
3.125:9.375 mm length ratio); and (iii) 0-100 material distribution (fully centro-asymmetric, 0:12.5 mm length ratio). Pink boxes indicate where the heavy inserts are positioned.
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FIG. 4. (a) Numerically predicted evolution of the longitudinal bandgap (blue region)
with increasing degree of centro-asymmetry. (b) Experimentally measured transmis-
sion curves (orange) are plotted with the longitudinal branch (blue dots) that is
filtered from the dispersion curve of the (i) centrosymmetric, (i) moderately centro-
asymmetric, and (iii) fully centro-asymmetric HMMs. Plots are highlighted with blue
shades indicating the longitudinal bandgaps predicted from the numerical simulation
and red shades showing the transmission dips (<—15dB).

inputs. The discrepancy between the numerical predictions and the
test results originates from the presence of the torsional mode, which
contributes to the longitudinal motion and can transfer the motion
even within the longitudinal bandgap. Fabrication errors (either dur-
ing machining or 3D-printing) and the need for support strings,”® due
to the long aspect ratio of the structures, may interfere with the
measurements.

In summary, this work studies the mode hybridization induced
by perturbed centrosymmetry in bioinspired, helical metamaterials.
FEM and analytical studies show that the coupling intensity between
independent modes grows with centro-asymmetry. We experimentally
demonstrate the hybridization of propagating wave modes and the
formation of partial bandgaps. In the future, the rich physics of chiral-
ity in acoustic metamaterials can be further studied for the realization
of devices with acoustic polarization,” nonreciprocal wave propaga-
tion,"” and mechanical logic switches.*!

See the supplementary material for the derivation of the analyti-
cal model and the discussion on the hybridization phenomena.
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