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ABSTRACT

A composite panel assembly includes first and second elastic membranes and a
structure. The structure has a first side mounted to the first elastic membrane and a second
side mounted to the second elastic membrane. The structure includes a first honeycomb layer,
a second honeycomb layer, and a plurality of necks. The first honeycomb layer has partition
walls defining resonance cavities that are covered by the first elastic membrane along the first
side. The second honeycomb layer has partition walls defining resonance cavities that are
covered by the second elastic membrane along the second side. The necks are disposed
between and connect the first and second honeycomb layers. Each neck defines a channel
that is fluidly connected to a corresponding one of the resonance cavities of the first
honeycomb layer and a corresponding one of the resonance cavities of the second honeycomb

layer.
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COMPOSITE SOUND ABSORPTION PANEL ASSEMBLY

FIELD

[0001] Embodiments of the present disclosure generally relate to composite
sound-absorbing panel assemblies, and, more particularly, to acoustic structures configured to
absorb sound at tunable frequency ranges to dampen noise within, for example, interior

cabins of vehicles, such as aircraft.
BACKGROUND

[0002] Sound-absorbing materials are desirable in various vehicles and facilities
with people present because exposure to high noise levels can cause hearing loss, increase
stress, and interfere with communication. Some current types of noise dampening materials
include active noise cancelling piezo-electric materials and passive foams and foam-like
materials, but each has associated disadvantages. For example, weight and space are
concerns for the passive foam materials, which are typically relatively heavy and voluminous.
Heavy foam installed within certain vehicles, such as aircraft, may result in increased fuel
consumption and reduced operating efficiency. Another disadvantage of passive foam
materials is that the materials are typically not designed to absorb sound at frequency ranges
of interest that are specific to a certain application. The piezo-based systems may be smaller
and/or lighter than the foams, but require hardware, such as electrical components, circuitry,
and power supplies. The piezo-based systems are generally more complex and costly to
manufacture, install, operate, troubleshoot, and repair than the passive foams, and reliability

of the systems can also be an issue.
SUMMARY

[0003] A need exists for a sound-absorbing panel that effectively dampens noise
within a frequency range of interest and can be installed in a vehicle, such as an aircraft. A

need exists for an efficient way of constructing such a sound-absorbing panel.

[0004] With those needs in mind, certain embodiments of the present disclosure
provide a composite panel assembly configured to absorb sound. The panel assembly
includes first and second elastic membranes and a structure (e.g., an acoustic meta-structure).

The structure has a first side and a second side that is opposite the first side. The first side is
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mounted to the first elastic membrane. The second side is mounted to the second elastic
membrane. The structure includes a first honeycomb layer, a second honeycomb layer, and a
plurality of necks. The first honeycomb layer has partition walls defining resonance cavities
that are covered by the first clastic membrane aiong the first side of the structurc. The second
honeycomb layer has partition walls defining resonance cavities that arc covered by the
second elastic membrane along the second side of the structure. The necks are disposed
between and connect the first and second honeycomb layers. Each neck defines a channel
that is fluidly connected to a corresponding one of the resonance cavities of the first
honeycomb layer and a corresponding one of the resonance cavities of the second honeycomb

layer.

{0005] In at least one embodiment, the resonance cavities of the first and second
honeycomb layers are hexagonal cavities, and each hexagonal cavity is defined by six
partition walls. Optionally, the length of the partition walls between adjacent partition walls

is between about 1 mm and about 6 mm.

[0006] In one or more embodiments, each of the first honeycomb layer and the
second honeycomb layer includes a respective base wall that defines inner ends of the
respective resonance cavities. The necks extend between and connect the two base walls of
the first and second honeycomb layers. Each of the base walls defines orifices therethrough
that align with the channels of the necks to fluidly connect the resonance cavities of the first
honeycomb layer to the resonance cavities of the second honeycomb layer through the

channels.

[0007] In at least one embodiment, a thickness of each of the first and second
elastic membranes between an interior surface and an exterior surface is between about 0.1
mm and about 1.0 mm. The necks may each have a length that is between about 0.2 mm and
about 2 mm. The structure may have a height between the first side and the second side that

is between about 5 mm and about 30 mm.

[0008] Certain embodiments of the present disclosure provide a method of
producing a composite sound-absorbing panel assembly that includes forming a structure that
has a first side and a second side that is opposite to the first side. The structure includes a
first honeycomb layer with partition walls defining resonance cavities, a second honeycomb
layer with partition walls defining resonance cavities, and a plurality of necks disposed
between and connecting the first and second honeycomb layers. Each of the necks defines a

2
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channel that is fluidly connected to a corresponding one of the resonance cavities of the first
honeycomb layer and a corresponding one of the resonance cavities of the second honeycomb
layer. The method includes mounting a first elastic membrane to the first side of the structure.
The first elastic membrane covers outer ends of the resonance cavities of the first honeycomb
layer. The method also includes mounting a second elastic membrane to the second side of
the structure. The second elastic membrane covers outer ends of the resonance cavities of the

second honeycomb layer.

[0009] Certain embodiments of the present disclosure provide a composite panel
assembly configured to absorb sound. The panel assembly includes a structure having
multiple unit modules disposed side by side. Each of the unit modules includes a first base
wall and multiple first partition walls extending from the first base wall to define a first
resonance cavity. The first base wall defines an inner end of the first resonance cavity. Each
unit module also has a second base wall and multiple second partition walls extending from
the second base wall to define a second resonance cavity. The second base wall defines an
mmer end of the second resonance cavity. The second base wall is spaced apart from the first
base wall. Each unit module includes a neck extending between and connecting the first and
second base walls. The neck defines a channel therethrough that is fluidly connected to the
first resonance cavity through an orifice in the first base wall and is fluidly connected to the

second resonance cavity through an orifice in the second base wall.

[0009a] Certain embodiments of the present disclosure provide a composite panel
assembly comprising: first and second clastic membranes; and a structure having a first side
and a second side that is opposite the first side, the first side mounted to the first elastic
membrane, and the second side mounted to the second elastic membrane, the structure
comprising: a first honeycomb layer with partition walls defining resonance cavities, the
resonance cavities of the first honeycomb layer covered by the first clastic membrane along
the first side of the structure; a second honeycomb layer with partition walls defining
resonance cavities, the resonance cavities of the second honeycomb layer covered by the
second elastic membrane along the second side of the structure; and a plurality of necks
disposed between and connecting the first and second honeycomb layers, each neck defining
a respective channel that is fluidly connected to a corresponding one of the resonance cavities
of the first honeycomb layer and a corresponding one of the resonance cavities of the second

honeycomb layer.

Date regue / Date received 2021-12-16



10

15

20

[0009b] Certain embodiments of the present disclosure provide a method
comprising: forming a structure having a first side and a second side that is opposite to the
first side, the structure including a first honeycomb layer with partition walls defining
resonance cavitics, a second honeycomb layer with partition walls defining resonance cavities,
and a plurality of necks disposed between and connecting the first and second honeycomb
layers, each neck defining a channel that is fluidly connected to a corresponding one of the
resonance cavities of the first honeycomb layer and a comresponding one of the resonance
cavities of the second honeycomb layer; mounting a first elastic membrane to the first side of
the structure, the first elastic membrane covering outer ends of the resonance cavities of the
first honeycomb layer; and mounting a second elastic membrane to the second side of the
structure, the second elastic membrane covering outer ends of the resonance cavities of the

second honeycomb layer.

[0009¢]  Certain embodiments of the present disclosure provide a composite panel
assembly comprising: a structure comprised of multiple unit modules disposed side by side,
each of the unit modules comprising: a first base wall and multiple first partition walls
extending from the first base wall to define a first resonance cavity, the first base wall
defining an inner end of the first resonance cavity; a second base wall and multiple second
partition walls extending from the second base wall to define a second resonance cavity, the
second base wall defining an inner end of the second resonance cavity, and the second base
wall spaced apart from the first base wall; and a neck extending between and connecting the
first and second base walls, the neck defining a channel therethrough that is fluidly connected
to the first resonance cavity through an orifice in the first base wall and is fluidly connected

to the second resonance cavity through an orifice in the second base wall.

3a
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] These and other features, aspects, and advantages of the present disclosure
will become better understood when the following detailed description is read with reference
to the accompanying drawings in which like numerals represent like parts throughout the

drawings, wherein:

[0011] Figure 1 is a top perspective view of a composite sound-absorbing panel

assembly according to an embodiment of the present disclosure;

[0012] Figure 2 is a perspective top-down view of an acoustic meta-structure of

the composite panel assembly according to an embodiment of the present disclosure;

[0013] Figure 3 is an exploded perspective view of a unit module of the acoustic
meta-structure and portions of first and second elastic membranes that align with the unit

module according to an embodiment of the present disclosure;

[0014] Figure 4 is a transverse cross-sectional view of a portion of the composite

panel assembly according to an embodiment of the present disclosure;

[0015] Figure 5 is a flow chart of a method for producing a composite sound-

absorbing panel assembly according to an embodiment of the present disclosure;

[0016] Figure 6 illustrates a front perspective view of an aircraft according to an

embodiment of the present disclosure; and

{0017} Figure 7 illustrates a top plan view of an interior cabin of the aircraft of

Figure 6.
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DETAILED DESCRIPTION

[0018] The foregoing summary, as well as the following detailed description of
certain embodiments will be better understood when read in conjunction with the appended
drawings. As used herein, an element or step recited in the singular and preceded by the
word "a" or "an" should be understood as not necessarily excluding the plural of the elements
or steps. Further, references to "one embodiment" are not intended to be interpreted as
excluding the existence of additional embodiments that also incorporate the recited features.
Moreover, unless explicitly stated to the contrary, embodiments "comprising" or "having" an
element or a plurality of elements having a particular property may include additional

elements not having that property.

[0019] Certain embodiments of the present disclosure provide a scalable
composite panel assembly for sound-absorption that can be used within a vehicle, such as a
commercial aircraft, as well as within various facilities, such as manufacturing plants,
factories, offices, and the like. The composite panel assemblies of the embodiments
described herein may be produced in the form of tiles, films, wall panels, or the like, and can

be selectively sized to cover desired areas for noise dampening.

[0020] The composite panel assembly described in one or more embodiments
herein has a structural architecture that includes an acoustic meta-structure disposed between
two elastic membranes. The term “acoustic meta-structure” refers to a structure that is
designed to passively control, direct, and manipulate sound waves that impinge upon the
structure based on the specific architecture of the structure. The acoustic meta-structure may
include twin layers of honeycomb-shaped cavities, and the cavities in the two layers are
interconnected through small channels within neck portions of the meta-structure. Each of
the two elastic membranes extends across and covers the honeycomb-shaped cavities of a
different one of the layers. When exposed to sound waves, the membranes vibrate, moving
into and out of the honeycomb-shaped cavities. In addition, partition walls of the meta-
structure that define the cavities may bend and flex due to the vibrational energy. The
honeycomb-shaped cavities in the twin layers function as resonance chambers, and the
interconnecting channels between two cavities allow the meta-structure to represent a dual

Helmbholtz resonator.

[0021] The embodiments of the composite panel assembly described herein can

have parameters that are tuned to provide certain desired acoustic properties. For example,

5
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the composite panel assembly may provide relatively high sound transmission loss at a
frequency range of interest, such as at low frequencies (e.g., 25 - 500 Hz) present within
interior cabins of aircraft and/or at higher frequencies. The composite panel assembly may
be configured such that there is a first range of frequencies in which the panel assembly has a
negative bulk modulus, and a second range of frequencies in which the panel assembly has a
negative mass density. The first and second frequency ranges may overlap to define a
“double negative” frequency range in which both the bulk modulus and the mass density are
negative. The composite panel assembly demonstrates high sound transmission loss and a

high absorption coefficient in desirable frequency ranges.

[0022] In one or more embodiments, the composite sound-absorbing panel
assembly can be produced via relatively cost efficient and simple manufacturing methods.
For example, the acoustic meta-structure can be assembled via an additive manufacturing
process, such as 3D printing or the like, using one or more polymeric materials. The
membranes can then be bonded to opposite first and second sides of the meta-structure. The
manufacturing process is highly scalable and the resulting panel assembly can be used in
large area noise shielding applications. For example, the panel assembly can be placed on
walls within an interior cabin of an aircraft, within an engine compartment of an aircraft to
surround the engine (e.g., cowl, nacelle, and the like), or other locations in which sound or
vibrations may be undesired. The panel assembly optionally may be constructed using heat-

resistant materials.

[0023] Additionally, the panel assemblies may be made to have an application-
specific thickness without significantly affecting the sound absorbing properties of the panels.
Thus, the thickness of the panel assembly may be selectable within a given range, such as
between about 3 mm and about 30 mm. The relatively large range of allowable thicknesses
provides options in how the composite panel assembly is implemented within an application.
For example, the composite panel assembly may be formed as interconnecting panels, as tiles,

or as a film or coating that is applied onto a flat surface (e.g., similar to wallpaper).

[0024] Figure 1 is a top perspective view of a composite sound-absorbing panel
assembly 100 according to an embodiment of the present disclosure. The composite sound-
absorbing panel assembly 100 is referred to herein as composite panel 100 and panel 100.
The panel 100 includes an acoustic meta-structure 102 sandwiched between a first clastic

membrane 104 and a second elastic membrane 106.
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[0025] The acoustic meta-structure 102, also referred to herein simply as structure
102 or meta-structure 102, has top side 108 and a bottom side 110 that is opposite to the top
side 108. The top side 108 is mounted to the first elastic membrane 104. The bottom side
110 is mounted to the second elastic membrane 106. The top side 108 may be referred to as a
first side or a second side, and the bottom side 110 may be referred to as a second side or a

first side.

[0026] While various spatial and directional terms, such as “top,” “bottom,”
“upper,” “lower,” “vertical,” and the like may be used to describe embodiments of the present
disclosure, it is understood that such terms are merely used with respect to the orientations
shown in the drawings. The orientations may be inverted, rotated, or otherwise changed,
such that the top side 108 becomes a bottom side if the meta-structure 102 is flipped 180
degrees, becomes a left side or a right side if the meta-structure 102 is pivoted 90 degrees,

and the like.

[0027] The panel 100 has a height extending from an exterior surface 112 of the
first elastic membrane 104 to an exterior surface 114 of the second elastic membrane 106.
The exterior surfaces 112, 114 of the membranes 104, 106 face away from each other. In the
illustrated embodiment, the panel 100 has a round disc-shape, as the first and second elastic
membranes 104, 106 are generally planar. Optionally, the panel 100 may be formed into
various other shapes in other embodiments, such as rectangular or square tiles, sheets, films,

or the like.

[0028] The meta-structure 102 includes an upper honeycomb layer 116, a lower
honeycomb layer 118, and an intermediate space 120 therebetween. Each of the upper and
lower honeycomb layers 116, 118 represents a lattice of interconnected cells distributed in a
two-dimensional plane, as shown in Figure 2. The upper honeycomb layer 116 is spaced
apart from the lower honeycomb layer 118 by the intermediate space 120. The upper
honeycomb layer 116 is physically connected to the lower honeycomb layer 118 via
interconnecting necks 206 (shown in Figure 3) that extend across the intermediate space 120.
The upper honeycomb layer 116 may be referred to as a first honeycomb layer or a second
honeycomb layer, and the lower honeycomb layer 118 may be referred to as a second

honeycomb layer or a first honeycomb layer.

[0029] Figure 2 is a perspective top-down view of the meta-structure 102 of the

panel 100 according to an embodiment. The first elastic membrane 104 is omitted to show
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the upper honeycomb layer 116 (also referred to herein simply as upper layer 116) of the
meta-structure 102 in detail. The upper layer 116 has partition walls 122 that define a
honeycomb-like lattice of interconnected cells 124. The upper layer 116 is also referred to
herein as an upper honeycomb layer 116. The cells 124 are arranged side-by-side in a two-
dimensional plane. For example, each ccll 124 extends a full height of the upper layer 116
between the first elastic membrane 104 and the intermediate space 120 (shown in Figure 1).
Each cell 124 includes a respective resonance cavity 126 that is defined between the partition
walls 122 of the cell 124. In the illustrated embodiment, many of the partition walls 122
extend between and define portions of two cavities 126 of adjacent cells 124. The resonance
cavities 126 in the illustrated embodiment are hexagonal cavities that are each defined by six
partition walls 122. Optionally, the resonance cavities 126 may have different numbers of
sides in other embodiments. For example, at least some of the cavities 126 may be
pentagonal or octagonal in other embodiments. The partition walls 122 of the upper layer

116 may be referred to as first partition walls or second partition walls.

[0030] The resonance cavities 126 each extend between an outer end 128 and an
inner end 130 opposite to the outer end 128. The outer ends 128 of the resonance cavities
126 are located at distal edges 132 of the partition walls 122. With additional reference to
Figure 1, the distal edges 132 of the partition walls 122 define the top side 108 of the meta-
structure 102. The inner ends 130 of the resonance cavities 126 are proximate to the
intermediate space 120. The resonance cavities 126 are open at the outer ends 128. When
assembled into the panel 100 shown in Figure 1, the first elastic membrane 104 covers the
outer ends 128 of the resonance cavities 126 of the upper layer 116, enclosing and sealing the

cavities 126.

[0031] The upper honeycomb layer 116 includes a base wall 134 that defines the
inner ends 130 of the resonance cavities 126. The partition walls 122 are coupled to the base
wall 134 and extend vertically from the base wall 134 to the distal edges 132. The base wall
134 generally encloses the inner ends 130 of the cavities 126, except for small orifices 136
that extend through the base wall 134. Each orifice 136 aligns with a different one of the
resonance cavities 126. Each cavity 126 is fluidly connected to a single oriﬁce 136 in the
base wall 134 such that air may pass to and through the orifice 136. Alternatively, more than
one orifice 136 may align with at least some of the resonance cavities 126, or some resonance

cavities 126 may not align with any orifices 136 in the base wall 134.
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[0032] The lower honeycomb layer 118 (also referred to herein simply as lower
layer 118) that is shown in Figure 1 may be identical, or at least substantially similar, in
design, size, and shape as the upper layer 116, such that the lower layer 118 is also a
honeycomb lattice of interconnected cells. The lower layer 118 mirrors the upper layer 116.
For example, the intermediate space 120 (Figure 1) is defined between the base wall 134 of
the upper layer 116 and a base wall 140 (Figure 1) of the lower layer 118. Additional details

of the lower honeycomb layer 118 are provided herein with reference to Figures 3 and 4.

[0033] Figure 3 is an exploded perspective view of a unit module 202 of the meta-
structure 102 and portions of the first and second elastic membranes 104, 106 that align with
the unit module 202 according to an embodiment. The unit module 202 of the meta-structure
102 includes one cell 124 of the upper layer 116, one cell 204 of the lower layer 118, and a
neck 206 interconnecting the two cells 124, 204. The cell 204 of the lower layer 118 has an
identical, or at least substantially similar, design, size, and shape as the cell 124. For example,
two components are considered as “identical” herein if the two components are intended to
have the same design, shape, and size, even though the identical components may have
different blemishes or imperfections. The cell 204 includes partition walls 208 that define a
resonance cavity 210 (shown in Figure 4). The cell 204 mirrors the cell 124 on opposite ends
of the neck 206. The partition walls 208 of the lower layer 118 may be referred to as second

partition walls or first partition walls.

[0034] The unit module 202 extends the full height of the meta-structure 102
between the top and bottom sides 108, 110. For example, distal edges 212 of the partition
walls 208 define a portion of the bottom side 110 of the meta-structure 102.

[0035] The unit module 202 is a structure that is repeated many times within the
meta-structure 102. For example, the meta-structure 102 may be formed by tessellating, or
replicating, the unit module 202 side-by-side in a two-dimensional plane. The unit module
202 is illustrated as a discrete, unitary structure in Figure 3 for descriptive purposes, but, as
shown in Figure 2, the cell 124 of the unit module 202 may be integrally connected to
adjacent cells 124 in the upper layer 116. For example, although not shown in Figure 3, there
may be additional partition walls 122 that extend outward (away from the resonance cavity
126) at the corners 214 between adjacent partition walls 122 of the cell 124. Likewise, the
cell 204 of the unit module 202 may be integrally connected to adjacent cells (not shown) in

the lower layer 118.
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[0036] The neck 206 is connected to each of the cells 124, 204 and extends
between the cells 124, 204 across the intermediate space 120. For example, the neck 200 is
coupled to the base wall 140 of the lower cell 204 and the base wall 134 (shown in Figure 2)
of the upper cell 124. As shown in Figure 3, the neck 206 has a smaller diameter than the
cells 124, 204. The volume of the intermediate space 120 between the cells 124, 204

surrounding the neck 206 is occupied by air or another fluid.

[0037] The meta-structure 102 in a non-limiting embodiment is composed of a
polymeric material, such as one or more plastics or other polymers. In one example, the
meta-structure 102 is composed of a polyamide material. The meta-structure 102 in other
embodiments may be composed of other materials, such as metallic materials, composite
materials, ceramics, or the like. For example, constructing the meta-structure 102 using
ceramics or other heat-resistant materials may allow the meta-structure 102 to be installed at

a high-temperature environment, such as near an engine of an aircraft.

[0038] The first and second elastic membranes 104, 106 may be composed of a
rubber material. The term “rubber material” as used herein is inclusive of both natural rubber
and synthetic, rubber-like materials. The membranes 104, 106 are configured to oscillate
relative to the meta-structure 102 due to sound waves and/or other pressure fluctuations. In
other embodiments, the elastic membranes 104, 106 may be composed of materials other than

rubber materials, such as a metallic material, a composite material, or the like.

[0039]  In an embodiment, the neck 206 is integrally connected to both the upper
cell 124 and the lower cell 204. Thus, there may not be a scam at interfaces between the neck
206 and the base walls 134, 140 of the upper and lower cells 124, 204 that could be
attributable to a connection interface. In one or more embodiments, the meta-structure 102 is
produced via an additive manufacturing process, such as 3D printing, vapor fusion deposition,
or the like. In the additive manufacturing process, the upper cells 124 of the upper layer 116,
the lower cells 204 of the lower layer 118, and the necks 206 are formed during a common
manufacturing process. The upper layer 116, the lower layer 118, and the necks 206 are
formed integral with each other during the additive manufacturing process. Alternatively, the
upper layer 116, the lower layer 118, and necks 206 are each formed as separate and discrete
components in different processes, and the integral connection between the components may
be accomplished by permanently bonding the components to one another after formation,
such as through pasting, welding, or brazing. For example, the upper and lower layers 116,

118 may each be formed via an additive manufacturing process, and the necks 206 may be
10
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molded cylinders that are subsequently welded between the upper and lower layers 116, 118.
The permanent bonding process, such as brazing or welding, integrally connects the upper
and lower layers 116, 118 to the necks 206, resulting in a unitary, one-piece meta-structure
102 (comparable to forming the entire meta-structure 102 during a common additive

manufacturing process).

[0040] The first elastic membrane 104 may be bonded to the distal edges 132 of
the partition walls 122 to mount the membrane 104 to the upper layer 116. The elastic
membrane 104 covers the outer end 128 of the resonance cavity 126 to seal the resonance
cavity 126. The elastic membrane 104 may bond to the distal edges 132 using an adhesive,
such as an epoxy. The second clastic membrane 106 may be similarly bonded to the distal
edges 212 of the partition walls 208 to mount the membrane 106 to the lower layer 118.
Although the first and second elastic membrancs 104, 106 are shown in Figure 3 as
hexagonal discs with sizes that correspond to the diameters of the cells 124, 204 of the unit
module 202, the illustrated hexagonal discs may be merely segments of larger membranes
104, 106 that align with the unit module 202. For example, as shown in Figure 1, the elastic

membranes 104, 106 may cover an entire area of the meta-structure 102.

[0041]  The partition walls 122 of the cells 124 in the upper layer 116 are sized to
have a length 216 within a designated range. The length 216 is the dimension extending
across the given partition wall 122 between the two corners 214 that connect that partition
wall 122 to adjacent partition walls 122. In one or more embodiments, the length 216 of the
partition wall 122 is between about 1 mm and about 6 mm. In an embodiment, all of the
partition walls 122 of the upper layer 116 have approximately the same length 216. As used
herein, terms modifying a value representative of a measurement, such as “approximately”
and “about” means that the measurement is inclusive of the stated value as well as values
above and below the stated value within a designated threshold range, which may be 1%, 3%,
or 5% of the stated value. For example, deviations in dimensions may result from variability
in production and processing, and such deviations are considered within the scope of the
specified ranges disclosed herein. The length 216 of the partition walls 122 may affect the
sound absorbing qualities of the composite panel 100 (Figure 1). Because the cell 204 of the
lower layer 118 is a mirrored replica of the cell 124, the partition walls 208 of the cell 204
may have the same dimensions (e.g., including length) as the partition walls 122 of the cell
124.

11
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[0042] Figure 4 is a transverse cross-sectional view of a portion of the composite
panel 100 according to an embodiment. The illustrated portion shows one full unit module
202 of the acoustic meta-structure 102 and small segments of adjacent unit modules 202. The
neck 206 of the meta-structure 102 is hollow and defines a channel 302 through the neck 206.
The channel 302 is fluidly connected to both of the resonance cavities 126, 210 at the ends of
the neck 206. For example, the channel 302 is fluidly connected to the resonance cavity 126
in the upper cell 124 through the orifice 136 in the base wall 134. The channel 302 is fluidly
connected to the resonance cavity 210 in the lower cell 204 through an orifice 304 in the base
wall 140. The channel 302 provides a fluid path across the intermediate space 120 between
the two resonance cavities 126, 210. The channel 302 has a smaller diameter than the
diameters of the two resonance cavities 126, 210. The meta-structure 102 is configured to
function as a dual Helmholtz resonator based on the narrow channel 302 that connects two

larger cavities 126, 210.

[0043] The first and second elastic membranes 104, 106 are configured to
oscillate (e.g., vibrate) relative to the meta-structure 102 in response to pressure fluctuations.
For example, the membranes 104, 106 each move reciprocally outwards (e.g., away from the
neck 206) and inwards (e.g., towards the neck 206). When vibrating at certain frequencies,
the first and second membranes 104, 106 may have in-phase displacement, and the first and
second membranes 104, 106 may have out-of-phase displacement at other frequencies. The
illustrated embodiment shows an example of in-phase displacement of the membranes 104,
106 in phantom. The phantom displacement 104a of the first elastic membrane 104 bulges
outward away from the hexagonal resonance cavity 126 and the phantom displacement 106a

of the second elastic membrane 106 bends inward into the hexagonal resonance cavity 210.

[0044] The partition walls 122, 208 of the meta-structure 102 may also be
configured to bend, flex, and/or twist in response to pressure fluctuations. For example, the
movement of the partition walls 122 of the upper honeycomb layer 116 may transfer
vibrational encrgy between adjacent hexagonal resonance cavitics 126, and the movement of
the partition walls 208 of the lower honeycomb layer 118 may transfer vibrational energy

between adjacent hexagonal resonance cavities 210.

[0045] The physical parameters of the composite panel 100 affect the sound-
absorbance or sound transmission loss of the composite panel 100, including the magnitude
of sound transmission loss and the frequency ranges that are absorbed. The parameters of the

meta-structure 102 and the membranes 104, 106 can be customized in order to tune the
12
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composite panel 100 for desired sound-absorbing properties as well as for desired
applications (e.g., as a film or a tile). The ranges of various parameters presented below are

non-limiting example ranges only.

[0046] For example, the neck 206 has a height 310 extending from the upper
honeycomb layer 116 to the lower honeycomb layer 118 that is between about 0.2 mm and
about 2 mm. The channel 302 of the neck 206 has a diameter 312 that is also between about
0.2 mm and about 2 mm. The partition walls 122 of the upper honeycomb layer 116 may
have a thickness 314 that is also between about 0.2 mm and about 2 mm. The hexagonal
resonance cavities 126 have a diameter 316 defined between parallel, opposing partition
walls 122 that may be between about 3 mm and about 12 mm. The partition walls 208 of the
lower honeycomb layer 118 may have the same thickness 314 as the partition walls 122. The
hexagonal resonance cavities 210 of the lower honeycomb layer 118 may have the same
diameter 316 as the cavities 126. The base walls 134, 140 of the meta-structure 102 may

have the same or similar thicknesses as the partition walls 122, 208.

[0047] In one non-limiting example, the height 310 of the neck 206 is about 1 mm,
the diameter 312 of the channel 302 is about 0.5 mm, the thickness 314 of the partition walls
122, 208 is about 0.5 mm, and the diameter 316 of the resonance cavities 126, 210 is about 7

mm.

[0048] The first clastic membrane 104 has a thickness 318 defined between the
exterior surface 112 and an interior surface 320 of the membrane 104 that is opposite to the
exterior surface 112. The thickness 318 may be between about 0.1 mm and about 2 mm. The
second elastic membrane 106 has a thickness 322 defined between the exterior surface 114
and an interior surface 324 of the membrane 106. The second elastic membrane 106 may be
identical or at least substantially similar to the first clastic membrane 104, such that the
thickness 322 may be the same as the thickness 318. In a non-limiting example, the

thicknesses 318, 322 of the membranes 104, 106 are about 0.25 mm.

[0049] The meta-structure 102 has a height 326 that extends from the top side 108
to the bottom side 110. The height 326 is the cumulative sum of the respective heights of the
partition walls 122 and 208, the respective thicknesses of the base walls 134 and 140, and the
height 310 of the neck 206. The height 326 of the meta-structure 102 may be between about
4 mm and about 30 mm. In a non-limiting example, the height 326 is about 24 mm, but the

meta-structure 102 may be formed to have different height parameters based on the
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application of the composite panel 100. For example, the meta-structure 102 may have a
condensed height of around 8 mm or less (e.g., when the composite panel 100 is'implemented
as a thin film-like sheet). In other embodiments, the height may be greater (e.g., when the

composite panel 100 is implemented as a tile or a self-supported wall panel).

[0050] In one experimental example, a composite sound-absorbing panel was
constructed according to the embodiments shown in Figures 1-4, and the panel was
experimentally tested to determine sound-absorbing performance of the panel. In the
experimental example, the meta-structure of the composite panel was composed of a
polyamide material, and the two elastic membranes were composed of natural rubber. The
two elastic membranes each had a thickness of 0.25 mm. The meta-structure had a height
between the two membranes of 24 mm. The side length of the partition walls was 3.5 mm,
and the thickness of the partition walls was 0.5 mm. The height of the necks between the
upper and lower honeycomb layers was 1 mm. The diameter of the channels of the necks

was 0.5 mm. The diameter of the hexagonal resonance cavitics was 7 mm.

[0051] The sound transmission loss (STL) of the composite panel was measured
using a standardized impedance tube test. The composite panel had an average STL of 57 dB
in a low frequency range of 25-500 Hz. The low frequency range may be experienced by a
passenger within an interior cabin of an aircraft, for example. The results indicate that the
composite panel provides better sound dampening in the low frequency range than known
sound-absorbing materials. Throughout a larger frequency range of 25-1600 Hz, the
composite panel had a measured average STL of 37 dB. The resonant frequencies were
observed at 708 Hz and 1168 Hz, and the absorption coefficients at these resonant

frequencies were 0.78 and 0.91.

[0052] Simulations of the composite panel were also performed. The simulations
indicated that sound attenuation is accomplished by vibration of the membranes relative to
the meta-structure, and also by inter-cavity coupling of vibrational energy due to bending and
flexing of the partition walls. The simulations estimated that the composite panel has a
negative effective bulk modulus in the frequency range of 1105 to 1545 Hz. The negative
effective bulk modulus may be due to monopolar resonance created by the Helmholtz
resonator of the meta-structure and out-of-phase movement of the first and second elastic
membranes. The simulations also estimated that the composite panel has a negative effective
dynamic mass in a frequency range of 745 to 1525 Hz. The negative effective dynamic mass

may be due to dipolar resonance created by the in-phase movement of the membranes. Thus,
14
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the simulations estimated that there is a double negative region where the two frequency
ranges overlap, which in this case is between 1105 Hz and 1525 Hz. The double negative
region is indicative of a combination of both in-phase and out-of-phase movement of the

elastic membranes.

[0053] It was determined through experimental testing and simulation that the
height of the meta-structure has little effect on the sound absorbance properties of the
composite panel. Therefore, the height of the composite panel can be customized based on

the application without significantly affecting the performance of the panel.

[0054] Figure 5 is a flow chart of a method 400 for producing a composite sound-
absorbing panel according to an embodiment. The composite sound-absorbing panel
produced by the method 400 may be installed within an interior cabin of a vehicle to provide
noise dampening, or may be installed proximate to a noise emitter, such as an engine of a
vehicle. The composite sound-absorbing panel may also be installed outside of vehicles,
such as in factories or homes. The method 400 may produce one or more of the embodiments

of the composite panel 100 shown in Figures 1-4.

[0055] At 402, an acoustic meta-structure is formed. The acoustic meta-structure
may be formed via an additive manufacturing process, but is not limited to formation via
additive manufacturing. The additive manufacturing process may be 3D printing, selective
laser sintering, fused deposition modeling, or the like. The meta-structure may be formed
using a polymeric material, such as polyamide or the like. The meta-structure is formed to
have a specific architecture. For example, the meta-structure includes an upper honeycomb
layer and a lower honeycomb layer. Each of the honeycomb layers is a lattice that includes
partition walls that define resonance cavities between the partition walls. For example, in one
or more embodiments, the resonance cavities of the upper and lower honeycomb layers have
hexagonal cross-sections, such that each resonance cavity is defined between six partition
walls. The upper and lower honeycomb layers each include a respective base wall from
which the partition walls extend. Each partition wall extends from the base wall to a distal
edge of the partition wall. The upper and lower honeycomb layers mirror each other such
that the base walls are proximate to each other, the distal edges of the partition walls of the
upper honeycomb layer define a top side of the meta-structure, and the distal edges of the
partition walls of the lower honeycomb layer define a bottom side of the meta-structure.
Each of the resonance cavities extends from an inner end at the respective base wall to an

outer end at the distal edges of the respective partition walls.
15
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[0056] The necks are disposed between the upper and lower honeycomb layers.
The necks extend between and connect the base walls of the upper and lower honeycomb
layers. The upper honeycomb layer is connected to the lower honeycomb layer through the
necks. The necks define channels that have smaller diameters than the resonance cavities.
Each of the channels fluidly connects one of the resonance cavities of the upper honeycomb
layer to one of the resonance cavities of the lower honeycomb layer. For example, the
channels of the necks align with orifices in the base walls to provide the fluid connection
between the resonance cavities. The additive manufacturing process may form the upper
honeycomb layer, the necks, and the lower honeycomb layer during a common formation
process such that all three sections of the meta-structure are integrally formed and integrally

connected to one another.

[0057] At 404, a first elastic membrane is mounted to the top side of the meta-
structure. The elastic membrane may be a thin sheet composed of a rubber material, a metal
material, a composite material, or the like. The elastic membrane may be mounted to the top
side by bonding the elastic membrane to the distal edges of the partition walls of the upper
honeycomb layer. The elastic membrane may be bonded to the partition walls using an
adhesive, such as a thermally-curable epoxy. For example, the mounting operation may be
accomplished by applying the thermally-curable epoxy to the distal edges of the partition
walls while the epoxy is in a flowable state, then positioning the elastic membrane on the
distal edges of the partition walls. Next, the assembly is heated to cure or set the epoxy,
which provides a permanent bond between the membrane and the distal edges of the partition
walls. As an alternative to using an adhesive, the elastic membrane may be bonded to the
partition walls via brazing, welding, or the like, such as when the elastic membrane is a thin
metallic sheet. When the first elastic membrane is mounted to the top side, the membrane

covers and seals the outer ends of the resonance cavities of the upper honeycomb layer.

[0058] At 406, a second elastic membrane is mounted to the bottom side of the
meta-structure. The second elastic membrane may be identical or at least substantially
similar to the first elastic membrane. The second elastic membrane may be mounted to the
distal edges of the partition walls of the lower honeycomb layer in the same or a similar way
that the first elastic membrane is mounted to the upper honeycomb layer, such as via a
thermally-curable epoxy or another adhesive. When mounted to the bottom side, the second
elastic membrane covers and seals the outer ends of the resonance cavities of the lower

honeycomb layer.
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[0059] In an alternative embodiment for producing the composite sound-
absorbing panel, the meta-structure may be formed by molding or additively manufacturing
individual cells defining a single resonance cavity. The cells are subsequently secured to one
another side-by—side to define a cell lattice similar to each of the upper and lower honeycomb
layers. Thus, each of the upper and lower honeycomb layers can be produced as assemblies
of multiple identical sub-units instead of being unitary structures integrally-formed during a

single additive manufacturing process.

[0060] Figure 6 illustrates a front perspective view of an aircraft 10 according to
an embodiment of the present disclosure. The aircraft 10 includes a propulsion system 12
that may include two turbofan engines 14, for example. Optionally, the propulsion system 12
may include more engines 14 than shown. The engines 14 are carried by wings 16 of the
aircraft 10. In other embodiments, the engines 14 may be carried by a fuselage 18 and/or an
empennage 20. The empennage 20 may also support horizontal stabilizers 22 and a vertical

stabilizer 24. The fuselage 18 of the aircraft 10 defines an interior cabin.

[0061] Figure 7 illustrates a top plan view of an interior cabin 30 of the aircraft 10
(shown in Figure 6) according to an embodiment of the present disclosure. The interior cabin
30 is within the fuselage 18. For example, one or more fuselage wall members 62 may define
the interior cabin 30. The interior cabin 30 includes multiple sections or zones, including a
front section 33, a first class section 34, a business class section 36, a front galley station 38,
a business section 40 (e.g., an expanded economy or coach section), a standard economy or
coach section 42, and an aft section 44, which may include multiple lavatories and galley
stations. It is to be understood that the interior cabin 30 may include more or less sections
and zones than shown. For example, the interior cabin 30 may not include a first class
section, and may include more or less galley stations than shown. Each of the sections may
be separated by a cabin transition area 46, which may include class divider assemblies.

Overhead stowage bin assemblies may be positioned throughout the interior cabin 30.

[0062] As shown in Figure 7, the interior cabin 30 includes two aisles 50 and 52
that lead to the aft section 44. Optionally, the interior cabin 30 may have less or more aisles
than shown. For example, the interior cabin 30 may include a single aisle that extends
through the center of the interior cabin 30 that leads to the aft section 44. The interior cabin
30 includes rows 53 of seats 54 that span across the interior cabin 30 and generally extend
across the aisles 50 and 52. Columns 55, 57, and 59 of secat sections extend perpendicular to

the rows 53. Each seat section may include one or more seats 54. The columns 55, 57, and
17
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59 generally run parallel with the aisles 50 and 52. A particular section or zone may include
any number of columns 55, 57, and 59 of seat sections. As shown in Figure 7, at least one
zone includes three columns 55, 57, and 59 of seat sections. However, each zonc may

include more or less than three columns.

[0063] The interior cabin 30 may include composite sound-absorbing panels
formed according to one or more of the embodiments described herein. The composite
sound-absorbing panels may be mounted along the fuselage wall members 62. Additionally,
or alternatively, the composite sound-absorbing panels may be positioned proximate to the
engines 14 (shown in Figure 6) to shield the interior cabin 30 from the engine noise. The
composite sound-absorbing panels may be configured to absorb and attenuate low-frequency

noise to reduce the level of engine noise within the interior cabin 30.

[0064] Alternatively, instead of an aircraft, embodiments of the composite sound-
absorbing panels may be used with various other vehicles, such as automobiles, buses,

locomotives and train cars, seacraft, spacecraft, and the like.

[0065] As used herein, a structure, limitation, or element that is “configured to”
perform a task or operation is particularly structurally formed, constructed, or adapted in a
manner corresponding to the task or operation. For purposes of clarity and the avoidance of
doubt, an object that is merely capable of being modified to perform the task or operation is

not “configured to” perform the task or operation as used herein.

[0066] It is to be understood that the above description is intended to be
illustrative, and not restrictive. For example, the above-described embodiments (and/or
aspects thereof) may be used in combination with each other. In addition, many
modifications may be made to adapt a particular situation or material to the teachings of the
various embodiments of the disclosure without departing from their scope. While the
dimensions and types of materials described herein are intended to define the parameters of
the various embodiments of the disclosure, the embodiments are by no means limiting and
are example embodiments. Many other embodiments will be apparent to those of ordinary
skill in the art upon reviewing the above description. The scope of the various embodiments
of the disclosure should, therefore, be determined with reference to the appended claims,
along with the full scope of equivalents to which such claims are entitled. In the appended
claims, the terms "including" and "in which" are used as the plain-English equivalents of the

respective terms "comprising" and "wherein." Moreover, the terms "first," "second,” and
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"third," etc. are used merely as labels, and are not intended to impose numerical requirements

on their objects.

[0067] This written dcscription  uscs cxamples to disclosc the various
embodiments of the disclosure, including the best mode, and also to enable any person of
ordinary skill in the art to practice the various embodiments of the disclosure, including
making and using any devices or systems and performing any incorporated methods. The
patentable scope of the various embodiments of the disclosure is defined by the claims, and
may include other examples that occur to those persons of ordinary skill in the art. Such
other examples are intended to be within the scope of the claims if the examples have
structural elements that do not differ from the literal language of the claims, or if the
examples include equivalent structural elements with insubstantial differences from the literal

language of the claims.
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What is claimed is:

1. A composite panel assembly comprising:

first and second elastic membranes; and

a structure having a first side and a second side that is opposite the first
side, the first side mounted to the first elastic membrane, and the second side mounted to the
second elastic membrane, the structure comprising:

a first honeycomb layer with partition walls defining resonance
cavities, the resonance cavities of the first honeycomb layer covered by the first elastic
membrane along the first side of the structure;

a second honeycomb layer with partition walls defining
resonance cavities, the resonance cavities of the second honeycomb layer covered by the
second elastic membrane along the second side of the structure; and

a plurality of necks disposed between and connecting the first
and second honeycomb layers, each neck defining a respective channel that is fluidly
connected to a corresponding one of the resonance cavities of the first honeycomb layer and a

corresponding one of the resonance cavities of the second honeycomb layer.

2. The composite panel assembly of claim 1, wherein the resonance cavities
of the first and second honeycomb layers are hexagonal cavities that are each defined by six

of the partition walls.

3. The composite panel assembly of claim 2, wherein each of the partition
walls of the first and second honeycomb layers has a length extending between adjacent
partition walls on either side of the partition wall, the length of each partition wall being

between about 1 mm and about 6 mm.

4. The composite panel assembly of any one of claims 1 to 3, wherein the
first elastic membrane is bonded to the partition walls of the first honeycomb layer to seal
outer ends of the resonance cavities thereof, and the second elastic membrane is bonded to
the partition walls of the second honeycomb layer to seal outer ends of the resonance cavities

thereof.
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5. The composite panel assembly of any one of claims 1 to 4, wherein the
first and second elastic membranes each have an interior surface that engages the structure
and an exterior surface that faces away from the structure, the first and second elastic
membranes each having a thickness between the respective interior and exterior surfaces that

1s between 0.1 mm and 1.0 mm.

6. The composite panel assembly of any one of claims 1 to 5, wherein the
channels of the necks have smaller diameters than the resonance cavities of the first and

second honeycomb layers.

7. The composite panel assembly of any one of claims 1 to 6, wherein each
of the first honeycomb layer and the second honeycomb layer includes a respective base wall
that defines inner ends of the respective resonance cavities, the necks extending between and
connecting the two base walls of the first and second honeycomb layers, each of the base
walls defining orifices therethrough that align with the channels of the necks to fluidly
connect the resonance cavities of the first honeycomb layer to the resonance cavities of the

second honeycomb layer through the channels.

8. The composite panel assembly of any one of claims 1 to 6, wherein each
of the first honeycomb layer and the second honeycomb layer includes a respective base wall
that defines inner ends of the respective resonance cavities, the base wall of the first
honeycomb layer being spaced apart from the base wall of the second honeycomb layer, and
wherein the plurality of necks is disposed between and connects the respective base walls of

the first and second honeycomb layers.

9. The composite panel assembly of claim 8, wherein each of the base walls
defines orifices therethrough that align with the channels of the necks to fluidly connect the
resonance cavitics of the first honeycomb layer to the resonance cavities of the second

honeycomb layer through the channels.

10. The composite panel assembly of any one of claims 1 to 9, wherein the
necks each have a height between the first honeycomb layer and the second honeycomb layer

that is between 0.2 mm and 2 mm.
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11. The composite panel assembly of any one of claims 1 to 10, wherein the
structure has a height between the first side and the second side that is between 5 mm and 30

mm.

12. The composite panel assembly of any one of claims 1 to 11, wherein the
structure comprises a polymeric material and the first and second elastic membranes

comprise a rubber material.

13. The composite panel assembly of any one of claims 1 to 12, wherein the
first honeycomb layer of the structure is integrally connected to the second honeycomb layer

via the necks.

14. A method comprising:

forming a structure having a first side and a second side that is opposite to
the first side, the structure including a first honeycomb layer with partition walls defining
resonance cavities, a second honeycomb layer with partition walls defining resonance cavities,
and a plurality of necks disposed between and connecting the first and second honeycomb
layers, each neck defining a channel that is fluidly connected to a corresponding one of the
resonance cavities of the first honeycomb layer and a corresponding one of the resonance
cavities of the second honeycomb layer;

mounting a first elastic membrane to the first side of the structure, the first
eclastic membrane covering outer ends of the resonance cavities of the first honeycomb layer;
and

mounting a second elastic membrane to the second side of the structure,
the second clastic membrane covering outer ends of the resonance cavities of the second

honeycomb layer.

15. The method of claim 14, wherein the partition walls of the first
honeycomb layer have distal edges that define the first side of the structure and the partition
walls of the second honeycomb layer have distal edges that define the second side of the
structure, and wherein mounting the first elastic membrane includes bonding the first elastic
membrane to the distal edges of the partition walls of the first honeycomb layer, and
mounting the second elastic membrane includes bonding the second elastic membrane to the

distal edges of the partition walls of the second honeycomb layer.
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16. The method of claim 14 or 15, wherein mounting the first elastic
membrane includes bonding the first elastic membrane to the first side of the structure using a
thermally-curable epoxy, and mounting the second elastic membrane includes bonding the

second elastic membrane to the second side of the structure using the thermally-curable

epoXy.

17. The method of any one of claims 14 to 16, wherein forming the structure
includes forming the channels of the necks to have smaller diameters than the resonance
cavities of the first and second honeycomb layers, the necks interconnecting a base wall of

the first honeycomb layer and a base wall of the second honeycomb layer.

18. The method of any one of claims 14 to 16, wherein each of the first and
second honeycomb layers includes a respective base wall that defines inner ends of the
respective resonance cavities, the base wall of the first honeycomb layer being spaced apart
from the base wall of the second honeycomb layer, and the necks being disposed between and

connecting the respective base walls of the first and second honeycomb layers.

19. The method of claim 18, wherein forming the structure includes forming
the channels of the necks to have smaller diameters than the resonance cavities of the first

and second honeycomb layers.

20. The method of any one of claims 14 to 19, wherein the resonance cavities
of both the first honeycomb layer and the second honeycomb layer have hexagonal cross-

sections defined by six of the respective partition walls.

21. A composite panel assembly comprising:
a structure comprised of multiple unit modules disposed side by side, each
of the unit modules comprising:

a first base wall and multiple first partition walls extending from
the first base wall to define a first resonance cavity, the first base wall defining an inner end
of the first resonance cavity;

a second base wall and multiple second partition walls extending

from the second base wall to define a second resonance cavity, the second base wall defining
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an inner end of the second resonance cavity, and the second base wall spaced apart from the
first base wall; and

aneck extending between and connecting the first and second
base walls, the neck defining a channel therethrough that is fluidly connected to the first
resonance cavity through an orifice in the first base wall and is fluidly connected to the

second resonance cavity through an orifice in the second base wall.

22. The composite panel assembly of claim 21, further comprising a first
clastic membrane engaging distal edges of the first partition walls and covering an outer end
of the first resonance cavity that is opposite the inner end thereof, and a second elastic
membrane engaging distal edges of the second partition walls and covering an outer end of

the second resonance cavity that is opposite the inner end thereof.

23. The composite panel assembly of claim 21 or 22, wherein the first
resonance cavity has a hexagonal cross-sectional shape defined by six of the first partition
walls, and the second resonance cavity has a hexagonal cross-sectional shape defined by six

of the second partition walls.

24. The composite panel assembly of any one of claims 21 to 23, wherein

adjacent unit modules of the structure are integrally connected to one another.

24

Date regue / Date received 2021-12-16



1/5

112
100

108

104 116
102 120
110 118

106

114 140
FIG. 1
136 134126 132
134|128 132 1292
122 122
102~ 116

o 130

4
Z IONONE”
JCJCIL ]

o

—
N
S
e
o)
,
o)
-s o
A
- —
w
N
o0 (o))

CA 3015191 2018-08-23



116

CA 3015191 2018-08-23

2/5

FIG. 3

204

208



3/5

11p 104 104a
B N oy 108,100
"""""" 1 av |
[ 320 j Z )
voat+—1) N +—126
|0 S
Y A L _a44p116
316fll/j) —v*fl\
326 Y 1 136
134——4 A4
_______ I77//‘// 7/ 7
310{ 1 06— TI—302 I <120
------- }///// Z /////I________\
/
140—+— 7*“— —T1— 304
204—" [} 312 ;/:/208
208—" [ s >118
Y Y 1210
(] 2
| ‘B
324 ‘' 110
N LBt NuaN d /
322/*/ F 7 N Y
. 106 106a |
~ 202
114 202
FIG. 4

Form meta-structure with upper and lower honeycomb layers and
interconnecting necks

402

A

Mount first elastic membrane to top side of meta-structure

~404

Mount second elastic membrane to bottom side of meta-structure

_~406

FIG. 5

CA 3015191 2018-08-23



4/5

9 'Old




44
I
I

ik
RiE

K
E%EHB@H@@
3t

s
52

FEREEEERE B

)

BHHHEE
miai

HEHHEH

HEEE3E3E0
e s s

34 62

CA 3015191 2018-08-23

FIG. 7



	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - CLAIMS
	Page 24 - CLAIMS
	Page 25 - CLAIMS
	Page 26 - CLAIMS
	Page 27 - CLAIMS
	Page 28 - DRAWINGS
	Page 29 - DRAWINGS
	Page 30 - DRAWINGS
	Page 31 - DRAWINGS
	Page 32 - DRAWINGS

