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DETERMINE DESIRED
ACOUSTIC PROPERTIES OF THE
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COMPUTATIONALLY OPTIMIZED AND
MANUFACTURED ACOUSTIC
METAMATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional of prior application
Ser. No. 16/206,740, filed Nov. 30, 2018, entitled “COM-

PUTATIONALLY OPTIMIZED AND MANUFACTURED
ACOUSTIC METAMATERIALS.” Both of these applica-
tions are related to application Ser. No. 16/206,722, filed
Nov. 30, 2018, enftitled “ADDITIVELY MANUFAC-
TURED LOCALLY RESONANT INTERPENETRATING
LATTICE STRUCTURE,” and are assigned to the same
assignee. Hach of the aforementioned applications 1s incor-
porated herein by reference 1n 1ts entirety.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with United States Gov-
ernment support under Contract No. DE-NA0O003525
between National Technology & Engineering Solutions of
Sandia, LL.C and the United States Department of Energy.
The United States Government has certain rights in this
invention.

BACKGROUND

1. Field

[0003] The disclosure relates generally to acoustic meta-
materials and, more specifically, to a methodology for
optimization and fabrication of acoustic metamaterals.

Description of the Related Art

[0004] Acoustic metamaterials are multiphase composite
materials designed to produce dynamic material properties
not found in nature, individual materials, or in traditional
composite materials. With appropriate design, acoustic
metamaterials may have an eflective negative dynamic
modulus, an effective negative dynamic density, an effective
negative refractive index, and/or an effective imaginary
speed of sound. Selection of appropriate properties for the
metamaterial may provide for acoustic wave bending,
acoustic wave steering, and acoustic wave focusing. How-
ever, currently, acoustic metamaternals have complex micro-
structures that are extremely difhicult to fabricate.

[0005] Therefore, 1t would be desirable to have a method
and apparatus that take into account at least some of the
1ssues discussed above, as well as other possible 1ssues. For
example, it would be desirable to have a method and
apparatus that overcome a technical problem with optimi-
zation and fabrication of acoustic metamaterials having
specified dynamic material properties.

SUMMARY

[0006] According to one embodiment of the present inven-
tion, a method for fabricating an acoustic metamaterial
includes determining at least one tuned physical property for
cach of a plurality of micro-resonators according to a desired
acoustic property of the acoustic metamaterial. For a par-
ticular physical property, a value of the tuned physical
property for at least one of the plurality of micro-resonators
1s different from a value of the tuned physical property for

Feb. 9, 2023

at least one other of the plurality of micro-resonators. The
method also includes additively forming the acoustic meta-
material such that the acoustic metamaterial comprises a first
structure and the plurality of micro-resonators embedded
within the first structure. Forming the acoustic metamaterial
1s performed such that an actual physical property of each of
the plurality of micro-resonators 1s equal to a corresponding
tuned physical property for each of the plurality of micro-
resonators.

[0007] According to another embodiment of the present
invention, a method for fabricating an acoustic metamaterial
includes optimizing material densities and/or stiflnesses for
cach of a plurality of micro-resonators for the acoustic
metamaterial according to a desired acoustic property of the
acoustic metamaterial to generate optimized resonator mass
densities and/or stiflnesses for each of the plurality of
micro-resonators. At least one of the optimized resonator
mass densities and/or stifinesses 1s diflerent from at least one
other of the optimized resonator mass densities and stifl-
nesses. The method also includes additively forming the
acoustic metamaterial according to the optimized resonator
mass densities and/or stifinesses such that the acoustic
metamaterial comprises the plurality of micro-resonators
embedded 1n a first structure. An actual resonator mass
density and/or stiflness of each of the plurality of micro-
resonators 1s substantially equivalent to a corresponding one
of the optimized resonator mass densities and/or stifinesses
such that a resultant acoustic metamaterial has the desired
acoustic property.

[0008] According to another embodiment of the present
invention, a system for fabricating an acoustic metamaterial
includes computational optimization solution configured to
determine a desired mass density and/or stifiness for each of
a plurality of micro-resonators according to a desired acous-
tic property of the acoustic metamaterial, and/or desired
global wave filtering behavior. For example, the objective
function for this optimization problem could be the norm of
the diflerence between the desired material response and the
actual realized material response. The desired mass density
and/or stiflness of at least one of the plurality of micro-
resonators 1s different from the desired mass density and/or
stillness of at least one other of the plurality of micro-
resonators. The system also includes an additive manufac-
turing printer configured to deposit materials 1n a layer-by-
layer fashion to form the acoustic metamaterial. The
acoustic metamaterial 1s formed such that the acoustic
metamaterial includes a first structure and a plurality of
micro-resonators embedded within the first structure. The
depositing of the material 1s performed such that an actual
mass density and/or stifiness of each of the plurality of
micro-resonators 1s equal to the corresponding desired mass
density and/or stiflness.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 1s a perspective view of an acoustic meta-
material 1n accordance with an illustrative embodiment;

[0010] FIG. 2A 1s a diagram of a vibrating acoustic
metamaterial at one instant of time, without any mass
density/stiflness optimization;

[0011] FIG. 2B 1s a diagram of a vibrating acoustic meta-
material at an istant of time after optimizing the mass
density of the acoustic resonators in accordance with an
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illustrative embodiment (1n this case with the objective
function being vibration isolation at the right end of the
structure);

[0012] FIG. 3 1s a diagram of an acoustic metamaterial
with optimized acoustic resonators mass density 1 accor-
dance with an 1llustrative embodiment;

[0013] FIG. 4 1s a diagram of an acoustic metamaterial
with optimized stiflness of acoustic resonator connectors in
accordance with an illustrative embodiment;

[0014] FIG. 5 shows graphs of minimized displacements
at the right end of an acoustic metamaterial without opti-
mized resonators and with optimized resonators;

[0015] FIG. 6 1s an acoustic metamaterial with acoustic
resonators ol varying mass densities 1 accordance with an
illustrative embodiment;

[0016] FIG. 7 1s a diagram of an acoustic metamaterial
fabrication system i1n accordance with an 1illustrative
embodiment;

[0017] FIG. 8 1s a flowchart of a process for fabricating an
acoustic metamaterial depicted 1n accordance with an 1llus-
trative embodiment:

[0018] FIG. 9 1s a block diagram of a 3D printer system
depicted 1n accordance with an 1llustrative embodiment; and
[0019] FIG. 10 1s a block diagram of a data processing
system depicted 1n accordance with an illustrative embodi-
ment.

DETAILED DESCRIPTION

[0020] Detailled embodiments of the claimed structures
and methods are disclosed herein; however, it 1s to be
understood that the disclosed embodiments are merely 1llus-
trative of the claimed structures and methods that may be
embodied 1n various forms. In addition, each of the
examples given 1n connection with the various embodiments
1s 1ntended to be illustrative, and not restrictive.

[0021] Further, the figures are not necessarily to scale,
some features may be exaggerated to show details of par-
ticular components. Theretfore, specific structural and func-
tional details disclosed herein are not to be interpreted as
limiting, but merely as a representative basis for teaching
one skilled in the art to variously employ the methods and
structures of the present disclosure.

[0022] For purposes of the description heremafter, the
terms “upper,” “lower,” “right,” “lett,” “vertical,” “horizon-
tal,” “top,” “bottom,” and derivatives thereotf shall relate to
the embodiments of the disclosure, as 1t 1s oriented 1n the
drawing figures. The terms “positioned on” means that a first
clement, such as a first structure, 1s present on a second
clement, such as a second structure, wherein intervening
clements, such as an interface structure, e.g. interface layer,
may be present between the first element and the second
clement.

[0023] Inthis disclosure, when an element, such as a layer,
region, or substrate 1s referred to as being “on” or “over”
another element, the element can be directly on the other
clement or itervening elements can also be present. In
contrast, when an element 1s referred to as being “directly
on,” “directly over,” or “on and in direct contact with”
another element, there are no intervening elements present,
and the element 1s 1n contact with another element.

[0024] The processes, steps, and structures described
below do not form a complete process flow for acoustic
metamaterials. The disclosure can be practiced 1n conjunc-
tion with 3D printing techmques currently used in the art,
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and only so much of the commonly practiced process steps
are 1ncluded as necessary for an understanding of the
different examples of the present disclosure. The Figures
represent cross sections of a portion of a printed object
during fabrication and are not drawn to scale, but instead are
drawn so as to illustrate different illustrative features of the
disclosure.

[0025] As used herein, the phrase “at least one of””, when
used with a list of items, means different combinations of
one or more of the listed 1tems may be used and only one of
cach 1item 1n the list may be needed. In other words, ““at least
one of” means any combination of i1tems and number of
items may be used from the list, but not all of the items 1n
the list are required. The 1tem may be a particular object,
thing, or a category.

[0026] For example, without limitation, “at least one of
item A, 1tem B, or item C” may include 1item A, 1tem A and
item B, or item B. This example also may include item A,
item B, and item C or item B and item C. Of course, any
combinations of these items may be present. In some 1llus-
trative examples, “at least one of” may be, for example,
without limitation, two of item A: one of item B and ten of
item C; four of item B and seven of item C: or other suitable
combinations.

[0027] As used herein, the terms “optimize™, “optimiza-
tion”, and “optimizing” do not necessarilly mean that the
result 1s the very best possible result, but rather merely mean
that an optimized value 1s a value the produces a desired
result, the desired result possibly being a range of acceptable
values or within a specified bound, or optimization may
merely mean an improvement or change i a quality as
compared with an unoptimized value. In an aspect, “opti-
mizing~ means tuning a variable such that a resulting
property 1s within a range of acceptable resulting properties.

[0028] Disclosed herein are systems and methods for
fabricating acoustic metamaterials having acoustic resona-
tors embedded therein, where each acoustic resonator has an
acoustic resonator property, such as, for example, a mass
density, stiflness, size, shape, and/or placement within the
acoustic metamaterial, that has been substantially optimized
or tuned such that the resulting acoustic metamaterial has
desired acoustic properties specified during the acoustic
resonator property tuning process. In an aspect, the resulting
acoustic metamaterial 1s said to have desired acoustic prop-
erties specified during the acoustic resonator property tuning
process 1f the acoustic properties of the acoustic metamate-
rial are within a range of acceptable acoustic properties. In
an embodiment, the acoustic metamaterials are fabricated
with an addittive manufacturing machine such as, for
example, a 3D printer. In an embodiment, each acoustic
resonator 1s cylindrically shaped and 1s attached to the main
portion or superstructure of the acoustic metamaternial via a
connector that 1s usually thin, or enclosed 1n a continuous
multiphase composite material. The space between the
acoustic resonator and the rest of the acoustic material may
be occupied by a vacuum, a gas, or another solid material.
To achieve a mass density/stiflness in each acoustic resona-
tor that corresponds to the optimized acoustic resonator
mass density/stiflness, the acoustic resonators may be
formed from a combination of two different materials each
having a different mass density. The maternials are combined
in a ratio (e.g., a desired micro-resonator specific ratio or
desired acoustic resonator specific ratio) such that the result-
ing mass density of the combination or mixture 1s equal to




US 2023/0037610 Al

the optimized mass density for that particular acoustic
resonator. For acoustic resonators whose optimized mass
density 1s less than the mass density of the least dense
material, the resonator 1s fabricated such that 1t includes
voilds or empty space within it to reduce the mass and
thereby reduce the mass density. In an embodiment, the
entire volume of the acoustic resonator 1s filled with a porous
foam-like printed material in order to lower the mass density
ol the acoustic resonator to be lower than that of the lowest
density resonator material. In an embodiment, 1n order to
reduce the mass density of the acoustic resonator to below
that of the lowest density resonator material, the acoustic
resonator 1s ring shaped defining a hole 1n the middle that 1s
devoid of solid material. In an embodiment, the ring shape
1s filled with a spanning mesh (mesh structure) to increase
the stiflness of the acoustic resonator. In some applications,
a ring shaped resonator without the spanning mesh may not
be desirable since 1t may introduce additional resonances
that may be unwanted. In an embodiment, the size of the
resonators and the connectors are limited by the minimum
teature size of the additive manufacturing machine.

[0029] An acoustic metamaterial 1s a dispersive multi-
phase composite material designed to produce dynamic
material properties not found 1n nature, individual matenals,
or in traditional composite materials. For example, an acous-
tic metamaterial may have a negative eflective dynamic
moduli, a negative effective dynamic density, a negative
acoustic refractive index, and/or an imaginary speed of
sound associated with a local resonance. An acoustic meta-
material may have complex wave number(s) and/or purely
imaginary wave number(s). Acoustic metamaterials may be
used for wave bending, wave steering, and/or wave focus-
ing. Acoustic metamaterials may be used to shield sensitive
structural components by redirecting damaging shocks and
vibrations or undesired frequencies. Acoustic metamaterials
may also be used as acoustic insulation for internal noise
damping. Additionally, acoustic metamaterials may be used
for sub-wavelength 1maging, focusing explosives, damage
detection (NDE), and for communications.

[0030] With reference now to the figures and, 1n particular,
with reference to FIG. 1, a perspective view of an acoustic
metamaterial 100 1s depicted 1n accordance with an illus-
trative embodiment. Acoustic metamaterial 100 includes a
superstructure 102 and a plurality of acoustic resonators 104
cach connected to the superstructure 102 by a corresponding
connector 106. In an embodiment, the mass density of each
acoustic resonator 104 1s optimized such that the acoustic
metamaterial 100 has desired acoustic properties. Thus, in
an embodiment, the mass densities of each of the acoustic
resonators 104 may all be diflerent, may all be the same, or
some may be the same and some may be diflerent. The
acoustic resonators 104 may include a single material or a
combination of two materials. The material of the acoustic
resonators 104 may be different from the material from
which the superstructure 102 i1s fabricated and may also be
different from the material from which the connecters 106
are fabricated. The connectors 106 connect the acoustic
resonators 104 to the superstructure such that the acoustic
resonators 104 only physically touch to superstructure
through the connectors 106, at least when the acoustic
metamaterial 1s not subject to external vibrational energy.
The connectors 106 may completely encapsulate the reso-
nator, or may be relatively thin as compared to the acoustic
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resonators 104 and, in an embodiment, are only as thick as
1s necessary for structural support of the acoustic resonators

104.

[0031] FIG. 2A 1s a diagram of a wvibrating acoustic
metamaterial 200 at one instant of time. In FIG. 2A, the
acoustic resonators 204 have not been optimized. Thus, a
vibration at one end 210 results 1n the other end 220 of the

acoustic metamaterial 200 vibrating.

[0032] FIG. 2B 1s a diagram of a vibrating acoustic
metamaterial 200 at an instant of time after optimizing the
mass density/stiflness of the acoustic resonators 204 in
accordance with an 1llustrative embodiment. As seen 1n FIG.
2B, after the mass densities/stifinesses of the acoustic reso-
nators 204 have been optimized, vibrational energy has been
minimized (or reduced) at end 220 of the acoustic metama-
terial 200 such that a vibration at end 210 of the acoustic
metamaterial 200 1s not propagated to the other end 220 of
the acoustic metamaterial 200.

[0033] FIG. 3 15 a diagram of an acoustic metamaterial 300
with optimized acoustic resonators 311-320 1n accordance
with an illustrative embodiment. Acoustic metamaterial 300
includes a superstructure 302 with a plurality of acoustic
resonators 311-320 embedded therein. The mass density
and/or stiflness of each acoustic resonator 311-320 has been
optimized such that the acoustic metamaterial has acoustic
properties that are desirable for the intended use of the
acoustic metamaterial 300. Different uses for the acoustic
metamaterial 300 may require different desired acoustic
properties. For example, an aircraft wing may need diflerent
acoustic properties from those ol a material used to acous-
tically shield sensitive electronics. As depicted, the mass
density of acoustic resonator 311 1s the highest of the
acoustic resonators 311-320. The mass density of acoustic
resonators 313, 318 are the lowest of the acoustic resonators
311-320. The other acoustic resonators 312, 314-317, 319-
320 have mass densities somewhere between those of acous-
tic resonator 311 and acoustic resonators 313, 318. The mass
densities of acoustic resonators 314, 316, and 319 are the
same. The mass densities of acoustic resonators 317 and 320
are the same.

[0034] In addition to optimizing the mass densities and/or
stiffness of the acoustic resonators, 1n some embodiments,
the mass densities and/or stiffness of the connectors, such as
connectors 106 shown 1 FIG. 1 may also be optimized.

[0035] FIG. 4 1s a diagram of an acoustic metamaterial 400
with optimized acoustic resonator connectors stiflnesses
411-420 1 accordance with an 1illustrative embodiment.
Acoustic metamaterial 400 includes a superstructure with
acoustic resonators 404 embedded therein. The acoustic
resonators 404 are connected to the superstructure 402 via
the connectors 411-420. Each of the connecters 411-420 has
been optimized such that the stifiness/thickness of each of
the connectors 411-420 aids in causing the acoustic meta-
material 400 to have the desired acoustic properties for
which 1t was optimized. The acoustic resonators 404 may
also have been optimized. In the depicted example, connec-
tor 415 has the highest stifiness and connector 412 has the
lowest stiflness. Connectors 411, 413-414, and 416-420
have varying stifinesses somewhere between the stifinesses
of connector 412 and the mass density of connector 415.

[0036] FIG. 515 a graph 300 of minimized displacements
at the rnight end of an acoustic metamaterial, such as, for
example, acoustic metamaterial 200 depicted in FIGS. 2A
and 2B, without optimized resonators and with optimized
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resonators. Line 502 shows a plot of displacement of the
right end of an acoustic metamaterial as a function of
vibrational frequency applied to the left end of the acoustic
metamaterial for an acoustic metamaterial without opti-
mized acoustic resonators. Line 504 shows a plot of dis-
placement of the right end of an acoustic metamaternal as a
function of vibrational frequency applied to the left end of
the acoustic metamaterial for an acoustic metamaterial with
optimized acoustic resonators. As can be seen 1n graph 500,
vibrational energy transmitted to the right end of the acoustic
metamaterial 1s substantially reduced when the acoustic
resonators’ mass density/stiflness has been optimized.

[0037] Turning now to FIG. 6, an acoustic metamaterial
600 with acoustic resonators 611-620 of varying mass
densities 1s depicted 1 accordance with an illustrative
embodiment. Acoustic metamaterial 600 includes a super-
structure 602 having a plurality of acoustic resonators 611-
620 embedded therein and connected to the superstructure
602 by connectors 604. In an embodiment, the acoustic
resonators 611-620 are fabricated from one or the other of
two resonator material or of a combination of both resonator
materials. The two resonator materials have different mass
densities with one having a mass density that 1s significantly
less than that of the other. For example, in an 1illustrative
embodiment, one of the resonator materials 1s acrylonitrile
butadiene styrene (ABS) and the other 1s tungsten (W). In
other embodiments, other materials may be used. The reso-
nator materials may be polymers, metals, ceramics, or any
other material suitable for the intended purpose of the
acoustic metamaterial. The superstructure 620 may be fab-
ricated from one of the two resonator materials, from a
combination of both resonator materials, or from another
material different from either of the two resonator materials.
The superstructure 620 may be, for example, metal, plastic,
rubber, or ceramic. Similarly, the connectors 604 may be
fabricated from one of the two resonator materials, from a
combination of both resonator materials, or from another
material different from either of the two resonator matenials.
The connector 604 may be fabricated from the same material
as 1ts corresponding acoustic resonator 611-620, from the
same material as the superstructure 602, or from some other
material that 1s different from both the material {from which
the acoustic resonators 611-620 are fabricated and the mate-
rial from which the superstructure 602 1s fabricated.

[0038] In order to have an acoustic resonator with a mass
density lower than the mass density of the least dense
resonator material, the acoustic resonator may be fabricated
such that the acoustic resonator 1s not solid and fabricated
from the least dense resonator material. For example, acous-
tic resonators 611-615 each have mass densities that are less
than the mass density of the least dense resonator material.
Additionally, 1n the depicted example, the mass density of
cach ol acoustic resonators 611-615 1s diflerent. This 1s
accomplished by varying the amount of resonator material
that 1s used to form the acoustic resonator. For example,
acoustic resonator 611 1s a very thin ring of the least dense
resonator material that defines a relatively large hole 621.
Acoustic resonator 612 1s a slightly thicker ring of the least
dense resonator material than acoustic resonator 611 with a
slightly smaller hole 622. Thus, acoustic resonator 612 has
a mass density that i1s larger than that of acoustic resonator
611. Similarly, each of acoustic resonators 613-615 has a
slightly thicker ring of the least dense resonator material and
a slightly smaller hole 623-623 than the preceding acoustic
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resonator 613-615 to its left. Thus, each of the acoustic
resonators 613-615 has a slightly higher mass density than
the preceding acoustic resonator to 1ts left.

[0039] Acoustic resonator 616 1s fabricated solely from
the least dense resonator material and 1s solid. Thus, this
acoustic resonator 616 has the same mass density as the least
dense resonator material. Acoustic resonator 620 1s fabri-
cated from the most dense resonator material. Thus, acoustic
resonator 620 has the mass density of the most dense
resonator material. Acoustic resonators 617-619 are fabri-
cated from a combination of the two resonator materials. By
varying the ratio of the combination of resonator materials,
varying mass densities between the mass density of the least
dense resonator material and the density of the densest
resonator material may be achieved.

[0040] Although the acoustic metamaterials disclosed
herein are shown as a linear array of acoustic resonators, 1t
will be recognized that, in other embodiments, the acoustic
metamaterial may include a two-dimensional array of acous-
tic resonators embedded i1n a superstructure or a three-
dimensional array of acoustic resonators embedded in a
superstructure. Thus, 1n some embodiments, some of the
acoustic resonators 1n the final finished acoustic metamate-
rial are not exposed to a surface, but are buried within the
bulk of the material.

[0041] Although described primarily as cylindrically
shaped acoustic resonators, in other embodiments, the
acoustic resonators may take on other shapes. For example,
the acoustic resonators may be spherically shaped. Also,
although depicted as uniformly shaped, sized, and spaced, 1n
other embodiments, some acoustic resonators may be of a
different shape and/or a diflerent size from other acoustic
resonators. In some embodiments, the distance between
adjacent acoustic resonators may vary throughout the acous-
tic metamaterial.

[0042] Turning now to systems and methods for fabricat-
ing the disclosed acoustic metamaterials, reference 1s now
made to FIG. 7, which 1s a diagram of an acoustic metama-
terial fabrication system 700 1n accordance with an 1llustra-
tive embodiment. The system 700 includes a desired acous-
tic properties module 702, an acoustic resonator physical
property tuner 704, an acoustic resonator materials ratio
determining module 706, an additive manufacturing
machine 708, structural material 710, and resonator mate-

rials 712.

[0043] The desired acoustic properties module 702
includes one or more acoustic properties that are desired of
the acoustic metamaterial to be constructed. Acoustic prop-
erties may 1nclude a desired level of acoustic or vibrational
dampening, filtering of unwanted vibrational frequencies,
acoustic insulation, acoustic insulation for internal noise
damping, and sub-wavelength imaging. The acoustic prop-
erties may enable the acoustic metamaterial to be used for
focusing explosives, damage detection (NDE), for facilitat-
ing communications, acoustically i1solating a matenal or
component, etc. The desired acoustic properties may be
expressed 1n terms of global wave filtering, homogenized
moduli, refractive index, speed of sound through the acous-
tic metamaterial or associated with a local resonance, and
wave numbers. The density and refractive index may each
be either positive or negative. The speed of sound may be
either a real number, a purely imaginary number, or a
complex number. The wave numbers may be real, complex,
or purely imaginary.
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[0044] The desired acoustic properties contained 1n the
desired acoustic properties module 702 may be obtained
from 1put from a user or from another process and may be
stored 1n a data store such as a database.

[0045] The acoustic resonator physical property tuner 704
tunes or optimizes the one or more physical properties of
each acoustic resonator. The physical properties may include
the mass density, stiflness, size, shape, and/or location of
cach of a plurality of acoustic resonators that will be present
in the acoustic metamaterial according to the desired acous-
tic properties obtained from module 702 such that the
resulting acoustic metamaterial fabricated by the acoustic
metamaterial fabrication system 700 will have the desired
acoustic properties. In an embodiment, the acoustic resona-
tor physical property tuner 704 also optimizes the mass
densities/stiflnesses, or other physical properties, such as
s1ze, shape, and location, of the connectors that connect the
resonators to the superstructure. In an embodiment, the
acoustic resonator physical property tuner 704 tunes or
optimizes the size, shape, and/or placement of the resona-
tors. In an embodiment, computational optimization or tun-
ing 1s used to determine a desired mass density/stifiness for
cach of a plurality of micro-resonators according to a desired
acoustic property of the acoustic metamaterial, and/or
desired global wave filtering behavior. In an embodiment,
the desired acoustic property may be at least one of a
negative modulus, a negative density, a negative refractive
index, an 1maginary speed ol sound, a complex wave
number, and a purely imaginary wave number. In an
embodiment, the desired acoustic property of the acoustic
metamaterial may be at least one of no vibrational wave
propagation, acoustic dampening, structural 1solation, and
acoustic cloaking.

[0046] The objective function for this optimization prob-
lem 1s the norm of the difference between the desired
material response and the actual realized material response.
Additional details on the optimization may be found in
“Large Scale Parameter Estimation Problems in Frequency-
Domain Elastodynamics Using an Error in Constitutive
Equation Functional” by Banerjee, et al., Comput. Methods
Appl. Mech. Engrg. 253 (2013) 60-72, which 1s incorporated
herein by reference. A copy of this reference may be
obtained at https://pdis.semanticscholar.org/5bc5/

dc3045656811le42cddete3 1911 0c3adedOf.pdi.

[0047] Turning next to FIG. 8, a flowchart of a process for
fabricating an acoustic metamaterial 1s depicted 1n accor-
dance with an 1illustrative embodiment.

[0048] The process begins by determining desired acous-
tic properties of the acoustic metamaterial to be fabricated
(step 800). The desired acoustic properties may be deter-
mined based on 1nput values received from a user or from
another process. The desired acoustic properties may be, for
example, wave bending parameters, wave steering param-
eters, wave focusing parameters, boundary conditions (e.g.,
one end of the metamatenial should remain stationary even
while the other end 1s subjected to vibrational forces or
displacement), acoustic damping, selectively damping
specified frequencies, etc. The desired acoustic properties
may 1nclude specification of a moduli, a density, a refractive
index, and/or a speed of sound associated with a local
resonance. In some embodiments, the desired acoustic prop-
erties may include negative moduli, negative density, a
negative refractive imndex, and/or an imaginary or complex
speed of sound. Exotic parameters such as negative moduli,
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negative density, a negative refractive index, and/or an
imaginary or complex speed of sound may provide the
acoustic metamaterial with unusual acoustic properties that
do not occur 1n nature. Next, the desired size of the acoustic
metamaterial 1s determined (step 802). The size of the
acoustic metamaterial may be determined according to 1ts
purpose. For example, the size of an acoustic metamaterial
that 1s to be incorporated into an aircrait wing may be
drastically different from the size of an acoustic metamate-
rial that 1s to be incorporated into an accelerometer.

[0049] Next, an mitial mass density, stiflness, size, shape,
and/or placement of the acoustic resonators 1s determined
(step 804). In some embodiments, the size and/or shape of
each acoustic resonator 1s 1dentical. In other embodiments,
the size and shape of the acoustic resonators may differ. In
some embodiments, the acoustic resonators are uniformly
spaced apart. In other embodiments, the acoustic resonators
are arranged in some other fashion such that the distance
between two adjacent resonators 1s different from the dis-
tance between two other adjacent resonators. In some
embodiments, if all of the mass density, stiflness, size,
shape, and placement are to be optimized or tuned, step 804
may be omitted.

[0050] Next, the mass density, stiflness, size, shape, and/or
locations of each of the acoustic resonators i1s tune (or
substantially optimized) according to the desired acoustic
properties of the acoustic metamaterial to be fabricated such
that the desired acoustic properties of the acoustic metama-
terial are realized (step 806). Mass density, stiflness, size,
shape, and locations are examples of physical properties of
the acoustic resonator. In other embodiments, additional
physical properties of the acoustic resonator may be tuned in
addition to or in place of these physical properties listed
above. The tuning may take into account the type of material
that the acoustic resonators will be incorporated within, the
s1ze and shape of the desired acoustic metamaterial, and the
types of materials incorporated 1nto the acoustic resonators.
Other parameters may also be included 1n the tuning process.
IT the size, shape, and/or placement of the acoustic resona-
tors are not to be uniform, these parameters may also be
optimized by the optimization process. Thus, 1n some
embodiments, the determining process of step 804 1s incor-
porated into the optimization process of step 806. Addition-
ally, in some embodiments, the acoustic resonators are
substantially cylindrical and are connected to a main super-
structure via a thin connector. Furthermore, in some embodi-
ments, the thickness and/or mass density of the connectors
are also optimized to produce the desired acoustic properties
in the acoustic metamaterial. In an embodiment, the mini-
mum si1ze of the acoustic resonators, the connector, and the
superstructure are limited by the mimmimum feature size of
the additive manufacturing machine.

[0051] Once the physical properties, such as mass density,
stiflness, size, shape, and location of each of the acoustic
resonators 1s determined, the amount of each of a plurality
ol resonator materials for each acoustic resonator 1s deter-
mined such that the mass density of each acoustic resonator
matches the corresponding tuned or determined mass den-
sity (step 808). In an embodiment, two resonator materials
are used. A first resonator material has a relatively low mass
density and the second resonator material has a relatively
high mass density, at least as compared to the first resonator
material. Next, the process additively fabricates the acoustic
metamaterial using the resonator materials 1n the determined
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ratios for each acoustic resonator and the superstructure
material such that each acoustic resonator has a mass density
equal to the tuned mass density for that acoustic resonator
(step 810).

[0052] The flowcharts and block diagrams in the different
depicted embodiments illustrate the architecture, function-
ality, and operation of some possible implementations of
apparatuses and methods 1n an 1illustrative embodiment. In
this regard, each block in the flowcharts or block diagrams
may represent at least one of a module, a segment, a
function, or a portion of an operation or step. For example,
one or more of the blocks may be implemented as program
code, hardware, or a combination of the program code and
hardware. When implemented in hardware, the hardware
may, for example, take the form of integrated circuits that
are manufactured or configured to perform one or more
operations 1n the flowcharts or block diagrams. When imple-
mented as a combination of program code and hardware, the
implementation may take the form of firmware. Each block
in the flowcharts or the block diagrams may be implemented
using special purpose hardware systems that perform the
different operations or combinations of special purpose
hardware and program code run by the special purpose
hardware. Some steps of the process may be implemented by
an additive manufacturing machine such as, for example, a
3D printer.

[0053] In some alternative implementations of an 1llustra-
tive embodiment, the function or functions noted in the
blocks may occur out of the order noted 1n the figure. For
example, 1n some cases, two blocks shown 1n succession
may be performed substantially concurrently, or the blocks
may sometimes be performed 1n the reverse order, depend-
ing upon the functionality involved. Also, other blocks may
be added 1n addition to the illustrated blocks 1n a flowchart
or block diagram.

[0054] Thus, illustrative embodiments of the present
invention provide a method and system for fabricating an
acoustic metamaterial with desired acoustic properties. In an
embodiment, the acoustic metamaterial 1s fabricated with
acoustic resonators of varyving mass densities/stiflnesses that
have been optimized to produce desirable acoustic proper-
ties. In an embodiment, the process begins by determining a
desired mass density/stiflness for each of a plurality of
micro-resonators according to a desired acoustic property of
the acoustic metamaterial. The desired mass density/stifl-
ness ol at least one of the plurality of micro-resonators 1s
different from the desired mass density/stiflness of at least
one other of the plurality of micro-resonators. The process
continues by depositing materials in a layer-by-layer fashion
to form the acoustic metamaterial. The acoustic metamate-
rial 1s formed such that the acoustic metamaterial includes a
first structure and the plurality of micro-resonators which are
embedded within the first structure. In an embodiment, the
acoustic resonators are attached to the first structure by a thin
connector such that the resonators do not touch the first
structure 1n any other place, but through the thin connector.
The thin connector may be fabricated from the same mate-
rials as the resonator, from the same materials as the first
structure, or from materials that are different from either the
resonator materials or the first structure materials. In an
embodiment, the mass density and/or the size and/or the
shape of the thin connector i1s also optimized for desired
acoustic properties. The depositing of the materials 1s per-
formed such that at least one of an actual mass density,
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actual stiflness, actual size, actual shape, and an actual
location of each of the plurality of micro-resonators 1s equal
to a corresponding desired mass density, desired stiflness,
desired size, desired shape, and actual location.

[0055] The process utilized to create the structure, results
in acoustic metamaterial with acoustic properties not found
naturally. The process utilized to create the acoustic meta-
materials also produces acoustic metamaterials that may be
tailored for the use contemplated.

[0056] The methods and structures that have been
described above with reference to figures 1n the different
examples may be employed 1n any number of applications.
For example, the acoustic metamaterials fabricated accord-
ing to the disclosed methods and systems may be used to
shield sensitive electronics, accelerometers, and data record-
ers by redirecting damaging shocks and vibrations or unde-
sired frequencies. Acoustic metamaterials fabricated accord-
ing to the disclosed methods and systems may also be used
as acoustic 1nsulation for internal noise damping. Addition-
ally, acoustic metamaterials fabricated according to the
disclosed methods and systems may be used for sub-wave-
length 1maging, damage detection (NDE), and for commu-
nications.

[0057] FIG. 9 1s a block diagram of a 3D printer system
900 depicted 1 accordance with an illustrative embodiment.
3D printer system 900 may implement the methods dis-
closed herein, such as, method 800. 3D printer system 900
may also implement acoustic metamaterial fabrication sys-
tem 700. 3D printer system 900 may include, for example,
an optimizer 901, a CAD system 902 or other design
module, controller 905, and printing apparatus 940.

[0058] The optimizer 901 determines a desired mass den-
sity/stiflness for each of a plurality of resonators that are to
be fabricated within a superstructure where an acoustic
metamaterial includes the superstructure with resonators
embedded therein. The desired mass density/stifiness 1s
determined such that the fabricated acoustic metamaterial
has desired acoustic properties. The desired acoustic prop-
erties may be determined based on the function and use for
which the acoustic metamaterial 1s being fabricated.

[0059] Controller 905, which may prepare the digital data
that characterizes a 3-D object for printing, and control the
operation of the printing apparatus, may include, for
example, a processor 910, a memory unit 915, software code
920, and a commumnications umt 925. Other configurations
may be used for a controller or control unit. Control func-
tionality may be spread across units, and not all control
functionality may be within system 900. For example, a
separate unit, such as a personal computer or workstation, or
a processing unit within a supply source such as a cartridge
may provide some control or data storage capability. Com-
munications unit 925 may, for example, enable transier of
data and 1nstructions between controller 905 and optimizer
901 and/or CAD system 902, between controller 905 and
printing apparatus 940, and/or between controller 905 and
other system elements. Controller 905 may be suitably
coupled and/or connected to various components of printing
apparatus 940.

[0060] Printing apparatus 940 may include for example
positioner(s) 955, material dispenser(s) 950, 960, material
supply unit(s) 952, 962, 963, mixer 964, and printing
sub-system 980. Printing sub-system 980 may include a
printing box 945, and a printing tray 970. Printing box 9435
may include printing head(s) 946, printing nozzle(s) 947,
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leveler(s) 957, curer(s) 959, and other suitable components.
Positioner 935, or other suitable movement devices, may
control the movement of printing head 945. Leveler or
leveling device 957 may include, for example, a roller or
blade or other suitable leveling mechanism. Printing head
945 may be, for example, an 1k jet head or other suitable
printing head.

[0061] Controller 905 may utilize Computer Object Data
(COD) representing an object or a model, for example, CAD
data in STL format. Controller 905 may also utilize opti-
mized data from optimizer 901. Other data types or formats
may be used. Controller 905 may convert such data to
istructions for the various units within 3D printer system
900 to print a 3D object. Controller 905 may be located
inside printing apparatus 940 or outside of printing appara-
tus 940. Controller 905 may be located outside of printing,
system 900 and may communicate with printing system 900,
for example, over a wire and/or using wireless communi-
cations. In some embodiments, controller 905 may 1nclude
a CAD system or other suitable design system. In alternate
embodiments, controller 905 may be partially external to 3D
printer system 900. For example, an external control or
processing unit (e.g., a personal computer, workstation,
computing platiorm, or other processing device) may pro-
vide some or all of the printing system control capability.

[0062] In some embodiments, a printing file or other
collection of print data may be prepared and/or provided
and/or programmed, for example, by a computing platform
connected to 3D printer system 900. The printing file may be
used to determine, for example, the order and configuration
of deposition of building maternial via, for example, move-
ment of and activation and/or non-activation of one or more
nozzles 947 of printing head 945, according to the 3D object
to be built.

[0063] Controller 905 may be implemented using any
suitable combination of hardware and/or software. In some
embodiments, controller 905 may include, for example, a
processor 910, a memory 915, and software or operating
instructions 920. Processor 910 may include conventional
devices, such as a Central Processing Unit (CPU), a micro-
processor, a “computer on a chip”, a micro controller, etc.
Memory 915 may include conventional devices such as
Random Access Memory (RAM), Read-Only Memory
(ROM), or other storage devices, and may include mass
storage, such as a CD-ROM or a hard disk. Controller 905
may be included within, or may include, a computing device
such as a personal computer, a desktop computer, a mobile
computer, a laptop computer, a server computer, or work-
station (and thus part or all of the functionality of controller
905 may be external to 3D printer system 900). Controller
905 may be of other configurations, and may include other
suitable components.

[0064] According to some embodiments of the present
invention, material supply unit(s) 952, 962, 963 may supply
building matenals to printing apparatus 940. Building mate-
rials may include any suitable kind of object building
material, such as, for example, photopolymers, wax, pow-
ders, plastics, metals, and may include modeling material,
support material and/or release matenal, or any alternative
material types or combinations of material types. In some
embodiments of the present invention, the building materials
used for construction of the 3D object are 1n a liquid form.
In an exemplary embodiment, the modeling and/or support
materials used are photopolymers that may contain material
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curable by electro-magnetic radiation and/or electron beams
ctc. The materials may come in different forms, textures,
colors, etc. Other suitable materials or combinations of
materials may be used.

[0065] In an embodiment, material supply unit 962 con-
tains a first relatively low mass density material and material
supply unit 963 contains a second relatively high mass
density material. The mass density of the first relatively low
mass density materal 1s less dense (often much less) than the
second relatively high mass density maternial. In an embodi-
ment, the first relatively low mass density material 1s ABS
and the second relatively high mass density material 1s
tungsten (W). The mixer 964 mixes ratios for the first
relatively low mass density material and the second rela-
tively high mass density material 1n a ratio determined by the
optimizer 901 or the controller 905 such that a correspond-
ing resonator has the mass density specified by the opti-
mizer. Depending on the mass density specified, the mixer
may only use only first relatively low mass density matenal,
only the second relatively high mass density matenal, or
various ratios combining the two. In an embodiment, for
resonators that are desired to have a mass density lower than
the mass density of the first relatively low mass density
material, the resonator i1s fabricated to be of a ring shape
from the first relatively low mass density material such that
the resonator has a hole 1n the middle rather than being a
solid cylindrical mass.

[0066] Turning now to FIG. 10, a block diagram of a data
processing system 1s depicted 1n accordance with an 1llus-
trative embodiment. Data processing system 1000 may be
used to implement mass density optimizer 704 or acoustic
resonator materials ratio determining module 706. Data
processing system 1000 may also be used to implement
optimizer 901, CAD 902, and/or controller 905. In an
embodiment, data processing system 1000 1s a massively
parallel processing (MPP) data processor with multiple
Processors.

[0067] In thisillustrative example, data processing system
1000 includes communications framework 1002, which
provides communications between processor unit 1004,
memory 1006, persistent storage 1008, communications unit
1010, input/output (I/O) unit 1012, and display 1014. In this
example, commumications framework 1002 may take the
form of a bus system.

[0068] Processor unit 1004 serves to execute structions
for software that may be loaded into memory 1006. Proces-
sor unit 1004 may be a number of processors, a multi-
processor core, or some other type of processor, depending
on the particular implementation.

[0069] Memory 1006 and persistent storage 1008 are
examples of storage devices 1016. A storage device 1s any
piece of hardware that 1s capable of storing information,
such as, for example, without limitation, at least one of data,
program code in functional form, or other suitable informa-
tion either on a temporary basis, a permanent basis, or both
on a temporary basis and a permanent basis. Storage devices
1016 may also be referred to as computer-readable storage
devices 1n these illustrative examples. Memory 1006, 1n
these examples, may be, for example, a random-access
memory or any other suitable volatile or non-volatile storage
device. Persistent storage 1008 may take various forms,
depending on the particular implementation.

[0070] For example, persistent storage 1008 may contain
one or more components or devices. For example, persistent
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storage 1008 may be a hard drive, a solid-state drive (SSD),
a flash memory, a rewritable optical disk, a rewrntable
magnetic tape, or some combination of the above. The media
used by persistent storage 1008 also may be removable. For
example, a removable hard drive may be used for persistent
storage 1008.

[0071] Communications unit 1010, in these illustrative
examples, provides for communications with other data
processing systems or devices. In these 1illustrative
examples, communications unit 1010 1s a network interface
card.

[0072] Input/output unit 1012 allows for mnput and output
of data with other devices that may be connected to data
processing system 1000. For example, mput/output unit
1012 may provide a connection for user input through at
least one of a keyboard, a mouse, or some other suitable
input device. Further, imput/output unit 1012 may send
output to a printer. Display 1014 provides a mechanism to
display information to a user.

[0073] Instructions for at least one of the operating sys-
tem, applications, or programs may be located in storage
devices 1016, which are in communication with processor
unit 1004 through communications framework 1002. The
processes of the different embodiments may be performed
by processor umit 1004 using computer-implemented
instructions, which may be located 1n a memory, such as
memory 1006.

[0074] These mstructions are referred to as program code,
computer usable program code, or computer-readable pro-
gram code that may be read and executed by a processor 1n
processor unit 1004. The program code in the diflerent
embodiments may be embodied on different physical or
computer-readable storage media, such as memory 1006 or
persistent storage 1008.

[0075] Program code 1018 1s located in a functional form
on computer-readable media 1020 that 1s selectively remov-
able and may be loaded onto or transierred to data process-
ing system 1000 for execution by processor umit 1004.
Program code 1018 and computer-readable media 1020
form computer program product 1022 in these illustrative
examples. In the illustrative example, computer-readable
media 1020 1s computer-readable storage media 1024,

[0076] In these illustrative examples, computer-readable
storage media 1024 1s a physical or tangible storage device
used to store program code 1018 rather than a medium that
propagates or transmits program code 1018.

[0077] Alternatively, program code 1018 may be trans-
ferred to data processing system 1000 using a computer-
readable signal media. The computer-readable signal media
may be, for example, a propagated data signal contaiming,
program code 1018. For example, the computer-readable
signal media may be at least one of an electromagnetic
signal, an optical signal, or any other suitable type of signal.
These signals may be transmitted over at least one of
communications links, such as wireless communications
links, optical fiber cable, coaxial cable, a wire, or any other
suitable type of communications link.

[0078] The diflerent components 1llustrated for data pro-
cessing system 1000 are not meant to provide architectural
limitations to the manner in which different embodiments
may be implemented. The diflerent 1llustrative embodiments

may be implemented in a data processing system including,
components 1n addition to or 1n place of those illustrated for

data processing system 1000. Other components shown 1n
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FIG. 10 can be varied from the illustrative examples shown.
The different embodiments may be implemented using any
hardware device or system capable of running program code
1018.

[0079] The descriptions of the various embodiments of the
present 1nvention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiment. The terminology used herein was
chosen to best explain the principles of the embodiment, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed here.

What 1s claimed 1s:

1. A system for fabricating an acoustic metamatenal,
comprising;

a first data processing system configured to determine at
least one of a desired mass density and a desired
stiflness for each of a plurality of micro-resonators
according to a desired acoustic property of the acoustic
metamaterial, wherein at least one of a first condition
and a second condition 1s satisfied, wherein first con-
dition comprises the desired mass density of at least
one of the plurality of micro-resonators 1s different
from the desired mass density of at least one other of
the plurality of micro-resonators and the second con-
dition comprises the desired stiflness of at least one of
the plurality of micro-resonators 1s different from the
desired stifiness of at least one other of the plurality of
micro-resonators; and

an additive manufacturing device configured to form the
acoustic metamaterial such that the acoustic metama-
tertal comprises a {first structure and the plurality of
micro-resonators embedded within the first structure,
depositing matenals 1s performed such that at least one
of an actual mass density of each of the plurality of
micro-resonators 1s equal to a corresponding desired
mass density and an actual stifflness of each of the
plurality of micro-resonators 1s equal to a correspond-
ing desired stifiness.

2. The system of claim 1, further comprising:

a second data processing system configured to determine
a micro-resonator specific ratio of a first material and a
second material such that a combination of the first
material and the second material mixed according to
the micro-resonator specific ratio has a material mass
density equal to the desired mass density for a corre-
sponding one of the plurality of micro-resonators.

3. The system of claim 2, wherein the first data processing,

system comprises the second data processing system.

4. The system of claim 2, wherein the additive manufac-
turing device 1s further configured to form each acoustic
resonator from a mixture of a micro-resonator specific ratio
of a first material and a second material such that a mass
density of each micro-resonator 1s equal to the desired mass
density for a corresponding one of the plurality of acoustic
resonators, the first material comprising a first mass density,
the second material comprising a second mass density
different from the first mass density.

5. The system of claim 4, wherein the additive manufac-
turing device 1s further configured to form a low mass
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density acoustic resonator from a one of the first and second
materials having a lower mass density such that the low
mass density acoustic resonator contains voids within the
low mass density acoustic resonator such that a mass density
of the low mass density acoustic resonator 1s less than a mass
density of the first material one of the first and second
materials having a lower mass density.

6. The system of claim 5, wherein low mass density

acoustic resonator comprises a ring of at least one of the first
material and the second matenal, the nng defiming a hole
devoid of solid material, the combination of the ring and the
hole providing a micro-resonator having a micro-resonator
density equivalent to a corresponding desired mass density.

7. The system of claim 5, wherein the voids comprise on
of a gas, a vacuum, or another solid matenal.

8. The system of claim 6, wherein the low mass density
acoustic resonator further comprises a mesh structure within

the hole.
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9. The system of claim 2, wherein the first material
comprises tungsten (W) and the second material comprises
a polymer.

10. The system of claim 5, wherein the low mass density
acoustic resonator comprises a porous foam like structure.

11. The system of claim 1, wherein the desired acoustic
property of the acoustic metamaterial comprises at least one
of no vibrational wave propagation, acoustic dampening,
structural i1solation, and acoustic cloaking.

12. The system of claim 1, wherein the desired acoustic
property of the acoustic metamaterial comprises at least one
of a negative modulus, a negative density, a negative reirac-
tive index, an imaginary speed of sound, a complex wave
number, and a purely imaginary wave number.
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