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ACOUSTIC METAMATERIAL SOUND ABSORBER

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application Serial No.
62/393,195, filed on September 12, 2016, U.S. Provisional Patent Application Serial No.
62/423,228, filed on November 17, 2016, U.S. Provisional Patent Application Serial No.
62/488,708, filed on April 22, 2017, and U.S. Provisional Patent Application Serial No.
62/557,141, filed on September 12, 2017.

TECHNICAL FIELD

The disclosure of the present patent application relates generally to resonant sound
absorbers, and particularly to an acoustic metamaterial formed from arrayed, folded acoustic

resonance cavities which provides broadband sound absorption.

BACKGROUND ART

Absorbing sound spontaneously converts part of the sound energy to a very small
amount of heat in the intervening object (i.e., the absorbing material), rather than sound being
transmitted or reflected. There are several ways in which a material can absorb sound and the
choice of sound absorbing material is typically determined by the frequency distribution of
noise to be absorbed and the acoustic absorption profile required. Sound absorbers typically
fall into the two broad categories of porous absorbers and resonant absorbers. Porous
absorbers, typically formed from open cell rubber foams or melamine sponges, absorb noise
by friction within the cell structure. Porous open cell foams are highly effective noise
absorbers across a broad range of medium-high frequencies, but is typically less efficient at
lower frequencies. Resonant panels, Helmholtz resonators and other resonant absorbers work
by damping a sound wave as they reflect it. Unlike porous absorbers, resonant absorbers are
most effective at low-medium frequencies and the absorption of resonant absorbers is always
matched to a narrow frequency range.

Given that porous absorbers and conventional resonant absorbers are effective for
sound absorption within a certain frequency range only, they are difficult, if not impossible,
to adapt to applications requiring broadband sound absorption. Although there has been a
great deal of recent research in the field of locally resonant artificial structures, which have

shown diverse functionalities in sound manipulation, even achieving highly efficient sound
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absorption within a compact volume, the dispersive nature of the resonances in these
structures still limits their applications to a generally narrow band. Thus, an acoustic

metamaterial sound absorber solving the aforementioned problems is desired.
DISCLOSURE

The acoustic metamaterial sound absorber of the present subject matter is formed
from an array of acoustic resonance cavities. A density of number of modes per unit

frequency, D, associated with the array of acoustic resonance cavities is given by D =

2

——————, where (] is a resonant frequency of each mode associated with the array of
mla(Z{®)]

acoustic resonance cavities, a({1) is an oscillator strength at the resonant frequency (1, and
. . An . .
Z({)) is a target impedance. D = ﬁ is the number of modes, n, per unit frequency.
Preferably, the array of acoustic resonance cavities has a minimum thickness, dp,i,,

defined by dy;, = L Beir | ) OOO In[1 — A(1)] d/1|, where A is an acoustic wavelength in the air,

4n? B,
A(A) is an absorption coefficient, B¢ is an effective bulk modulus of the array of acoustic
resonance cavities in a static limit, and By is a bulk modulus of the air. Typically, the bulk
geometry of the acoustic metamaterial sound absorber will have a thickness of less than 100
cm, and does not exceed 110% of the minimum thickness, d,,,;,- Each of the acoustic
resonance cavities may be folded, such that each acoustic resonance cavity has at least one
inlet, an opposed closed end and at least two plies.

A sound absorbing layer, formed from a sound absorbing material, may be mounted
on the array of acoustic resonance cavities and/or each of the acoustic resonance cavities may
be at least partially filled with sound absorbing material. The sound absorbing material may
be any suitable type of sound absorbing material. Non-limiting examples of the sound
absorbing material include wool, sponge, fiber, cotton, metallic weave, cloth and
combinations thereof. It should be understood that the acoustic resonance cavities may be
any suitable type of acoustic resonator cavities, such as Fabry-Pérot cavities, Helmholtz
cavities or the like.

In an alternative embodiment, the acoustic metamaterial sound absorber is formed
from first, second and third arrays of Fabry-Pérot cavities. Each of the Fabry-Pérot cavities
of the first array of Fabry-Pérot cavities extends linearly and has an inlet and an outlet. Each
of the Fabry-Pérot cavities of the second array of Fabry-Pérot cavities is folded to have at

least one inlet, an opposed closed end and at least two plies, and each of the Fabry-Pérot
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cavities of the third array of Fabry-Pérot cavities is folded to have at least one inlet, an
opposed closed end and at least three plies. The second array of Fabry-Pérot cavities is
sandwiched between the first array of Fabry-Pérot cavities and the third array of Fabry-Pérot
cavities. A sound absorbing layer, such as an acoustic sponge, for example, is mounted on
the first array of Fabry-Pérot cavities to cover the inlet of each of the Fabry-Pérot cavities of
the first array of Fabry-Pérot cavities.

In a particular embodiment, each of the Fabry-Pérot cavities of the first array of
Fabry-Pérot cavities extend linearly along a transverse axis, with the Fabry-Pérot cavities of
the first array of Fabry-Pérot cavities being arrayed in a square grid-wise pattern along a
lateral axis and a longitudinal axis, where the transverse, lateral and longitudinal axes are
mutually orthogonal with respect to one another.

These and other features of the present disclosure will become readily apparent upon

further review of the following specification and drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a perspective view of an acoustic metamaterial sound absorber.

Fig. 2 is a graph showing oscillator strength of acoustic resonance channels of the
acoustic metamaterial sound absorber at quarter-wavelength resonances.

Fig. 3 is a plot comparing surface impedance of the acoustic metamaterial sound
absorber formed from only acoustic resonance channels and surface impedance of the
acoustic metamaterial sound absorber with an additional layer of acoustic sponge.

Fig. 4 is a graph showing real and imaginary parts of surface impedance as a function
of frequency for the acoustic metamaterial sound absorber.

Fig. 5 is a graph showing the absorption coefficient as a function of frequency for the
acoustic metamaterial sound absorber.

Fig. 6A is a plot comparing the absorption spectrum of the acoustic metamaterial
sound absorber formed from only acoustic resonance channels and the absorption spectrum of
the acoustic metamaterial sound absorber with an additional layer of acoustic sponge.

Fig. 6B is a plot comparing the absorption coefficient of the acoustic metamaterial
sound absorber formed from only acoustic resonance channels and the absorption coefficient
of the acoustic metamaterial sound absorber with an additional layer of acoustic sponge.

Fig. 7 is a perspective view of an alternative embodiment of the acoustic metamaterial

sound absorber.
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Fig. 8 is a graph comparing the measured absorption spectrum of the acoustic
metamaterial sound absorber of Fig. 7 against a simulated absorption spectrum.

Fig. 9A is a graph showing a noise spectrum measured from a conventional hairdryer.

Fig. 9B is a graph comparing measured and simulated results of transmission loss for
an acoustic silencer formed from the acoustic metamaterial sound absorber.

Fig. 10 is a perspective view of the acoustic silencer formed from the acoustic
metamaterial sound absorber.

Fig. 11 is a front view in section of a first portion of the acoustic silencer of Fig. 10.

Fig. 12 is a perspective view of a second portion of the acoustic silencer of Fig. 11.

Fig. 13 is a perspective view of a third portion of the acoustic silencer of Fig. 12.

Fig. 14 is a perspective view of an alternative embodiment of the acoustic
metamaterial sound absorber.

Fig. 15 is a perspective view of another alternative embodiment of the acoustic
metamaterial sound absorber.

Figs. 16A, 16B, 16C, 16D, 16E and 16F are each sectional views of further alternative
embodiments of the acoustic metamaterial sound absorber.

Figs. 17A, 17B and 17C are each sectional views of alternative folding configurations
of the acoustic resonance channels of the acoustic metamaterial sound absorber.

Fig. 18 is a partial perspective view of yet another alternative embodiment of the
acoustic metamaterial sound absorber.

Fig. 19 is a perspective view of still another alternative embodiment of the acoustic
metamaterial sound absorber.

Similar reference characters denote corresponding features consistently throughout

the attached drawings.
BEST MODES

The acoustic metamaterial sound absorber of the present subject matter is formed
from an array of acoustic resonance cavities. As will be described in greater detail below, a

density of number of modes per unit frequency, D, associated with the array of acoustic

resonance cavities is given by D =
m

2 .
A ZET where ( is a resonant frequency of each mode

associated with the array of acoustic resonance cavities, a({1) is an oscillator strength at the
. . An .
resonant frequency (1, and Z (1) is a target impedance. D = ET; is the number of modes, n,

per unit frequency.
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Preferably, the array of acoustic resonance cavities has a minimum thickness, di,,

defined by d i, = L Bett | 1} OOO In[1 — A(A)] d/1|, where A is an acoustic wavelength in the air,

a2 B,

A(A) is an absorption coefficient, B¢ is an effective bulk modulus of the array of acoustic
resonance cavities in a static limit, and By is a bulk modulus of the air. Typically, the bulk
geometry of the acoustic metamaterial sound absorber will have a thickness of less than 100
cm, and which does not exceed 110% of the minimum thickness, d,,;,. Each of the acoustic
resonance cavities may be folded, such that each acoustic resonance cavity has at least one
inlet, an opposed closed end and at least two plies. As will be described in greater detail
below, the embodiment of Fig. 1 illustrates a non-limiting example utilizing both folded and
non-folded resonance cavities.

A sound absorbing layer, formed from a sound absorbing material, may be mounted
on the array of acoustic resonance cavities and/or each of the acoustic resonance cavities may
be at least partially filled with sound absorbing material. The sound absorbing material may
be any suitable type of sound absorbing material. Non-limiting examples of the absorbing
material include wool, sponge, fiber, cotton, metallic weave, cloth and combinations thereof.
It should be understood that the acoustic resonance cavities may be any suitable type of
acoustic resonator cavities, such as Fabry-Pérot cavities, Helmholtz cavities or the like. In
use, the sound energy, at the resonant frequencies and near the resonant frequencies, is
efficiently guided into the resonant cavities and is dissipated due to the dissipation introduced
by the friction and thermal conduction processes in the boundary layers at the inner walls of
the cavities. The plurality of cavities constituting the array provide sufficient large resonant
mode density for broadband sound absorption.

In the embodiment of Fig. 1, the acoustic metamaterial sound absorber 10 includes
first, second and third arrays of Fabry-Pérot cavities. Each of the Fabry-Pérot cavities of the
first array of Fabry-Pérot cavities 12 extends linearly and has an inlet and an outlet. Each of
the Fabry-Pérot cavities of the second array of Fabry-Pérot cavities 14 is folded to have at
least one inlet, an opposed closed end and at least two plies, and each of the Fabry-Pérot
cavities of the third array of Fabry-Pérot cavities 16 is folded to have at least one inlet, an
opposed closed end and at least three plies. The second array of Fabry-Pérot cavities 14 is
sandwiched between the first array of Fabry-Pérot cavities 12 and the third array of Fabry-
Pérot cavities 16. A sound absorbing layer 18, such as an acoustic sponge, for example, is
mounted on the first array of Fabry-Pérot cavities 12 to cover the inlet of each of the Fabry-

Pérot cavities of the first array of Fabry-Pérot cavities 12.
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In the particular embodiment as shown, each of the Fabry-Pérot cavities of the first
array of Fabry-Pérot cavities 12 extend linearly along a transverse axis (i.e., the z-axis in Fig.
1), with the Fabry-Pérot cavities of the first array of Fabry-Pérot cavities 12 being arrayed in
a square grid-wise pattern along a lateral axis (the x-axis) and a longitudinal axis (the y-axis),
where the transverse, lateral and longitudinal axes are mutually orthogonal with respect to
one another.

It should be understood that the overall contouring of the acoustic metamaterial sound
absorber may be varied, and the cross-sectional contours of the individual acoustic resonance
cavities may also vary. For example, as shown in Fig. 14, acoustic metamaterial sound
absorber 300 has an overall square contour, with acoustic resonance cavities 310 having
individual square cross-sectional contours. Fig. 15 illustrates another example, in which
acoustic metamaterial sound absorber 400 has sinusoidal, or wave-like, contour, with acoustic
resonance cavities 410 having individual rectangular cross-sectional contours. Figs. 16A,
16B, 16C, 16D, 16E and 16F illustrate further examples, with acoustic metamaterial sound
absorbers 500 and 600 each having individual square resonance cavity cross-sectional
contours, where the cavities are arrayed in a grid-type pattern in acoustic metamaterial sound
absorber 500, and where the cavities are linearly arrayed in acoustic metamaterial sound
absorber 600. Further, exemplary acoustic metamaterial sound absorbers 700, 800, 900 and
1000 bhave cavities which are, respectively, circular, hexagonal, linearly arrayed and
tessellated.

Additionally, it should be understood that numerous different foldings are possible for
the acoustic resonance cavities. For example, array 1100 of Fig. 17A illustrates cavities with
a two-dimensional folding with a constant cross-sectional area. Array 1200 of Fig. 17B
illustrates an exemplary two-dimensional folding with a changing cross-sectional area. In
Fig. 17C, array 1300 has a cavity folding with two open ends. Further, it should be
understood that the three-dimensional folding of Fig. 1 is only an example of one type of
structure making use of folded acoustic resonance cavities. Figs. 18 and 19 illustrate
exemplary arrays 1400 and 1500 which make use of a two-dimensional folding of acoustic
resonance cavities.

Material response functions for electromagnetic and acoustic waves must satisfy the
causality principle. For electromagnetic waves, the causal nature of the material response
function has been found to result in an inequality that relates a given absorption performance

to the sample thickness. Adapted to acoustics, this relation (for sound waves propagating in
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air) can be expressed in the following form for a flat absorbing material (or structure) with

thickness d sitting on a reflecting substrate:

d = =240 | [ In[1 — A)]dA|, (1)

4m2 B,

where A represents the sound wavelength in air, A(1) is the absorption coefficient, B,y =
—Vi—s denotes the static effective bulk modulus of the sound absorbing structure, with V

being the volume at static condition and p being the pressure statically applied, and By is the
bulk modulus of air. Herein, a sound absorbing structure is considered to be optimal if
equality or near-equality can be attained in equation (1). Some obvious implications
immediately follow from equation (1); e.g., total absorption within a finite frequency range is
not possible for any finite thickness sample. Also, high absorption at low frequencies would
dominate the contribution to sample thickness. However, A(1)~1 at a low frequency is
entirely possible for a very subwavelength sample thickness, provided that the absorption
peak is narrow.

As will be shown, the acoustic metamaterial sound absorber 10 achieves near-equality
in the causal relation of equation (1) with a flat, near-perfect absorption spectrum starting at
400 Hz. In particular, the right-hand side of equation (1) is shown to yield 11.5 cm, while the
actual sample thickness is 12 cm. A similar optimal sample, with d = 6 cm, has been
fabricated that displayed the same flat, near-perfect absorption spectrum above 800 Hz.

Considering a layer of acoustic sponge with thickness # sitting on a reflecting surface,

since a node must exist at the reflecting surface, high absorption becomes possible only when
% < h, so that there is appreciable wave amplitude inside the sponge. Here, A, represents the
wavelength in the sponge. In contrast, if the sponge is backed by a soft boundary, then an
anti-node exists at the substrate boundary, and the absorption for% > h becomes much better

than that for the hard boundary, owing to the larger wave amplitude inside the sponge.
However, the soft boundary is not optimal. Near-perfect absorption would occur only when
there is impedance matching so that there is no reflection. Thus, impedance matching with
air, such that Zy = pgyv,, is the goal for optimization. Here, 343 m/s is the speed of sound in
air (vg), and py is the density of air.

To realize the optimal backing to a thin layer of sponge, a pre-designed acoustic
metamaterial is used which is constrained by the objective A(A), which is ~1 above a low

frequency cutoff. The impedance of a planar resonator at the resonance frequency is close to
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zero, thus it can approximate a soft boundary. For an acoustic metamaterial with multiple

resonances, the total impedance, Z, can be expressed as:

2=L(Smr) @

Q% -w2-ifw

where Z = p/v denotes the surface impedance, with p being the pressure, v being the
displacement velocity in response to the pressure at the surface of the metamaterial, w being
the angular frequency, £, denoting the n™ resonance frequency, a, being its oscillator
strength, and § « w describing the weak system dissipation for the acoustic metamaterial.
The definition of the oscillator strength is given below. For equation (2) to be an accurate
description of the acoustic metamaterial, the lateral size of the metamaterial units, assuming
them to be periodically arranged, must be very subwavelength in scale so that the diffraction
effects can be neglected.

In the idealized case where there is a continuum distribution of resonances, equation

(2) can be converted to an integral as:

1 i [0 al)D() -1
Z:llmﬁ_,oz(fﬂlmdﬂ) . (3)

In equation (3), the imaginary part of the impedance is generally negligible, owing to
the oscillatory nature of the real part of the integrated in the square bracket. In the limit of

B — 0, the imaginary part of the integration is essentially a delta function, thus resulting in
1 o -1 2 .
Z(w) = E[ Jy a@D@)b(w? - 0¥ da] = ~[a(w)D(@)]™*. By definition, D(Q) =

. A .
limagoo ﬁ, thus yielding:

= =22@a@. )

Equation (4) describes the necessary mode distribution to achieve the targeted impedance
Z(Q).
By specifying the oscillator strength a((1), the differential equation (4) can be solved

with an initial condition of Q = Q,, in conjunction with the input Z(w) obtained from the

target absorption spectrum A(w) forw > Q4, ie., Z(w) = Z;(2 — A(w) + 2\/1——.4((4)))/
A(w). It should be noted that there are two sets of solutions of Z(w) and they can both
achieve the target absorption spectrum.

For an acoustic metamaterial with a given cross-sectional dimension, it is difficult to
avoid a choppy absorption spectrum with large swings of high absorption followed by deep
valleys. However, it is shown below that a thin layer of acoustic sponge in front of the

acoustic metamaterial array can qualitatively alter the nature of absorption, leading to a flat
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absorption spectrum similar to the idealized case with a low frequency cutoff. Such an effect
has been previously observed in a one-dimensional array of slit channels with a wire mesh
placed on top. Below, a quantitative theory for such an effect is provided, as well as a
general design strategy and the optimality perspective based on causality.

As a non-limiting example, the cross-section of the acoustic metamaterial sound
absorber 10 of Fig. 1 is considered to have a periodic two-dimensional square lattice with a
periodicity of L = 4.55 cm; i.e., in this example, the side length of the lateral-longitudinal
square cross-section, L, is 4.55 cm. It should be understood that Fig. 1 illustrates only a
single unit, or cell, of what may be a larger array of such sound absorbers 10. Although a
variety of local resonators, such as decorated membranes, can be used to design the
metamaterial unit 10, sound absorber 10 utilizes Fabry-Pérot (FP) resonators in which
Bess = By. Within each unit 10 in this example, there are 16 FP channels, each with a square
cross-section that is ~1.038 cm on each side, separated from each other with a 1 mm thick
v,

wall. The first order FP resonance frequency of the nth channel is given by (1, = 210’ where

[, denotes its channel length. For simplicity, the contributions of higher order FP resonances
are ignored in the design process; their effect is mostly at higher frequencies and will be
discussed below. If n = 1 denotes the longest channel, so that (; = 2 X 372.8 Hz is the
lowest resonance frequency, then the position of each channel in the unit is shown in Fig. 1,
where the (first order) resonance frequency of each channel increases with increasing n.

As noted above, the longer channels (i.e., the second array 14 and the third array 16)

. . . 5 !
are folded in order to obtain a compact structure that can approach the thickness d = Y1, ﬁ.

The folding, which was designed by computer simulations, can be seen for the second array
14 and the third array 16. In this example, each channel, or cavity, of the second array 14 is
folded twice, and each channel, or cavity, of the third array 16 is folded three times. In this
particular example, given the exemplary figures above, d = 10.58 cm, whereas the actual

produced sample, with folded channels, had a thickness of d = 11.06 cm. The relevant
. . . . 40y Tz .
normalized eigenmode is given by ¢,(z) = /F cos (ZT)’ where z = 0 defines the front
0 n

surface of the metamaterial unit 10. In response to applied pressure, the z component air
displacement velocity, v,,, at the mouth of the n™ channel, z = 0, is given by v,, = —iwg,Pn.

where p,, denotes the local pressure value, and g,, is the Green function defined by:

_ ¢ 9@/ ["lon@) P p(2)dz
LT QZ-w?-ifw ’

®)
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where p(z) is the local mass density and ¢ the ratio of the cavities’ total open cross-sectional
area over the total area. Here, only the first order FP resonance is considered. In actual

calculations, all of the higher orders are included. The numerator of g,, is proportional to the

oscillator strength, a,, = ¢|@,(0)|?/ [16 folnl(pn(z)lzp(z)dz]. Since, in the present case,

p(2) = py, it follows that a,, = %, which is shown in Fig. 2 for the 11 of the 16 resonance
0

frequencies obeying the rule Q, = Q,e®®™ V/8  with O;,= 2431 Hz and ¢ = 0.832, as

-1
derived below. This rule is designed so that the mode density D,, = (%) =8¢ 10,1,

which leads directly to the desired y = a,D, = %, as taught by the idealized case for
0

achieving a constant impedance Z,. Given the value of {1,,, the n™ channel length is uniquely
determined. The arrangement of the 16 channels within the metamaterial unit 10 (shown in
Fig. 1) is optimized subject to the geometric requirements of channel folding.

Impedance that is flat in frequency and close to the air impedance Zg = pgvg starting
at a lower cutoff frequency , is targeted. The solution of equation (4) is just , =

0,e®™~D/8 and the integral equation (3) can be integrated to yield:

T Zy

Z= T-2i tanh‘l(%).

(6)

The behavior for the real and imaginary parts of Z are shown in Fig. 4. The imaginary part,
owing to the oscillatory nature of the integrand in equation (3), rapidly decays to zero for

w > ;. However, the real part of the impedance is seen to approach the impedance
matching condition Zi = 1 beyond €2,. The absorption spectrum can be calculated by:

_ | tanh™1(Q, /w)
m—itanh~1(Q, /)’

)

which is plotted in Fig. 5. By substituting A(4), as expressed by equation (7), into equation

21V, A 21V

(1), with A = and Beyy = By, then d > n;, with 4, = =

. Thus, for a cutoff frequency

w 1

of % = 312 Hz, there is a minimum sample thickness of ~11.1 cm. Thus, it can be seen from

this idealized case that flat impedance as a function of frequency requires the mode density to
be inversely proportional to the oscillator strength.

The above is an example of a broadband absorber, where the targeted absorption
spectrum can be expressed as A = 1 when () > ();. This leads a flat impedance, where
Z =27y >0 ) and Z = 0 (02 < ;). Under the initial condition of ) = (; atn =1, then
O = 0,290 V/N Thus, a(Q)D(Q) = 2/(nZ,) becomes a constant for Q > Q,, which
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Z(w) T

Z,  m—2i tanh™1(Q/w)’ The behavior

allows the above integral for Z(w) to be rewritten as

for the real and imaginary parts of Z is shown in Fig. 4. The imaginary component rapidly
decays to zero for 3 > Q, due to its oscillatory nature. The real part is seen to approach
impedance matching condition Z = Z, beyond (1;. The corresponding absorption spectrum
can be evaluated as equation (7) above. In this idealized case, just the acoustic metamaterial
alone can achieve near-perfect broadband absorption, requiring only an infinitesimal
dissipation coefficient, which can be realized by the viscous friction between the air and the
hard wall of the air cavities.

By substituting A(A) from equation (7) into equation (1), with A = 2nvy/w and
Bess = Bo/¢ as noted above, the resultant expression is dpi, = 204 /(w{),). Since each
first order FP resonance frequency is associated with a channel length [, = mvy/(2(,), from

volume conservation of the FP channels, assuming that the longer channels can be folded so
as to form a compact volume, the optimal thickness is given by d = Y %" = [1 - e_2¢]nv0 /

(4¢9,). By letting d = d i, a value of ¢, = 0.832 is obtained in this particular case. In
this manner, the causal optimality is explicitly built into the design method to minimize the
sample thickness, which is always crucial for comparison between different absorption
samples, as well as for their practical applications.

It is important to note that the folding of the cavities should not change the front
surface area exposed to the incident wave; i.e., the value of ¢ should remain unchanged after
channel folding. Since d,,;, is evaluated with the target absorption spectrum, the condition
of d,,in = d is also a consistency condition for optimally achieving the target absorption
spectrum.

A sample metamaterial unit was fabricated using 3D printing with UV-sensitive
epoxy. Reflection measurements from four such units were taken, with the four units 10
being arranged in a square and placed against a reflecting wall. The measurements were
carried out using an impedance tube with a square cross-section that was 9 cm on each side,

with a length of 44.75 cm. Two microphone detectors were used to measure the amplitude

Z/Zy—1
Z/Zy+1

and phase of the waves, from which the reflection coefficient R = , as well as the

impedance of the sample could be deduced. The impedance tube had a cutoff frequency
between 1400 and 1500 Hz, beyond which the measured results are inaccurate. The
measured impedance is shown by the circles (1) in Fig. 3. It can be seen that circles (1) (i.e.,

the impedance measurements for just the FP channels) oscillate around Zy with peaks and
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valleys. This is expected, since there are 16 discrete resonances, and the impedance peaks
can be associated with the anti-resonances that are in between the neighboring resonances. In
fact, by treating each FP channel to be independent from the others, the impedance of the

unit, denoted by Zp,,e, can be written as:

Zyare = (2325, 0,) (®)
in analogy with equation (2). It can be seen that Z,,,. displays oscillations in a similar
fashion as the measured results. However, if a 1 cm layer of acoustic sponge is placed on top
of the unit, then the impedance is shown by the circles (2) in Fig. 3. It can be seen that the
oscillations almost completely vanish. Below, the origin of this effect is shown to be due to

the evanescent waves that laterally couple the v, ’s at the mouths of different FP channels, and

their interaction with a highly dissipative medium.

For frequencies much less than 7.5 kHz, L << A. In this regime, not only the angular
effect of the incident wave would be minimal, but also the observed impedance of the unit
should be the homogenized effective value. At z = 0, the unit’s surface has different local
impedances, owing to the different FB channel length. This implies that the pressure should
be most generally written as p(x), where X = (x, y) denotes the lateral coordinate, so as to
reflect this inhomogeneity. By writing (x) = p + §p(X), where p denotes the value of p(x)
averaged over the surface area of the unit, and §p(X) represents whatever is leftover. The
6p(X) component averages to zero over the surface area of the unit, and it can only couple to

the evanescent waves that decay exponentially away from z = 0. This is because, from the
. . . 2 2m)2 . .
dispersion relation, |k||| + ki = (TE) , and since the k; components from the Fourier

transform of &p(X) must be larger than 271: (since L « 1), it follows that k? < 0, hence

evanescence along the z direction. In contrast, the k; components of p are peaked at |k||| =

0, hence p couples to the propagating modes.

From the above, the impedance measured at far field is expected to be given by Z = g,
where 7 = Y16 Z—Z. However, locally, the following must be true:
Up = _iwgn(ﬁ + 6pn)s )

where 8p,, represents the value of §p(X) at the n™ FP channel location. It should be noted

that even though Y16 _,8p, =0, Y¥X°_, g,.6p, # 0. Therefore, it is clear that the lateral

e
inhomogeneity can contribute to the renormalization of the bare impedance. To continue,

ikgx
6p(X) is expanded in terms of the normalized Fourier basis functions f, = e L, where
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a= (ax, ay) is discretized by the condition that the integral of f, over the surface of the

metamaterial unit must vanish. This means that |k,| = 1/a,% + ai, where a,,a, =
+1,+2,... Since 6p(X) is coupled to evanescent waves, each Fourier component must be

associated with a z-variation given by e™V lka|?=(2m/D)2z  Thjs implies a non-zero z-derivative

of 8p(x, z) which can couple to thev, ’s. Thus,

8pn = lwpPo Yn ApmVm, and (10a)
_ sin?(axm/4) sin®(aym/4) otk (o~ xn)
Anm - 16 Za 71'405x“y|ka| (10b)

where x,, is the coordinate of the center of the n™ channel at z = 0, Spp = Sp(Xp), vy =

v(X,,), and |k, | > ZTH By substituting equations (10a) and (10b) into equation (9), one

obtains:
Up = _w(gn + ‘UZPO ngnAnmgm + )ﬁ (1Ta)
Up = _iw[gn + (wzpogrzlAnn + w4p029131Ann2 + ) + (UZPO Zm:tn gnAnmgm +
~lp (11b)
. 2 Flnn —
Up = ~lw (gn +%+Zmnnm) p. (11c)

The series has been rearranged by separating out the terms involving A, since
Apn > A,y by orders of magnitude. Numerically, the last term in the bracket is also small

and thus constitutes a small adjustment in the result. By summing over n on both sides, it can

. 1
be easily seen that — = +—, where
z Zpare 87’
-1
161 w?pogiinn )
(S Yo ) (12)

From equation (11c), the evanescent wave effect is clearly seen in the appearance of
the second term in the bracket. The resonances of the independent FP channels are
identifiable by the frequencies at which the g, ’s diverge. From equation (11c) and the
definition of the impedance, the renormalized resonance should be at the frequency which

yields divergence of the coefficient in front of p. If the first two terms inside the bracket of

1

equation (11c) are added, the result is a renormalized Green function given by Py
- ofinn

thus the resonance should occur at a frequency slightly below €, where the real part of

gnt = @?pohny,. In all of the above calculations, p, (1+iﬁ /a)) has been used for the

density of air, where £ =14.2 Hz serves to model the small air dissipation. Fig. 3 shows the

excellent agreement between the calculated and measured impedance.
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Fig. 6A shows the measured absorption of the metamaterial unit 10. The solid curve
is calculated using equation (11c) to evaluate the Z and the reflection coefficient R, from
which A =1-|RI*. Very good agreement between theory and experiment can be seen in Fig.
6A. Here, the peaks in absorption are located at those frequencies where impedance
matching is attained. The absorption spectrum of the FP channels can be evaluated to be sub-
optimal in character, even though the lower cutoff characteristic is clearly visible. To
improve the absorption performance, 1 cm of sponge was added in front of the metamaterial
unit. The separately measured absorption of a 1 cm thick sponge is also shown in Fig. 6A.
To model the result, the sponge is treated as a uniform medium with a bulk modulus the same
as that of air, justified by the fact that the sound predominantly travels through the pores.

The fitted sponge mass density is given by psyonge = [1.4 + i(1420 Hz)/w]p,. Here, the
real part, 1.4 p,, can be interpreted as being due to the tortuosity of the pores, which

lengthens the time of travel and hence an effectively lower sound speed. The imaginary part,
which is two orders of magnitude larger than that for air, is due to the small size of the pores
and the inevitably larger viscous boundary layer dissipation.

The significantly larger imaginary part of the sponge mass density has a dramatic
effect on the real part of the impedance. This can be seen from equations (11c¢) and (12) by
replacing pg by psponge. s0 that the total impedance of the combined sponge and

metamaterial unit is given by:

z=1(c@) " =L(1yie )7, (13)

w \16

-1
where the small contributions of I1,,, and (g,(le)) =gnt- wzpspongeAnn are neglected.

With the large imaginary part of pg,onge, at both the resonances and anti-resonances of the

combined system the real part of G would be zero, leaving only a nonzero imaginary part.
As a result, there is a positive real part for Z that is nearly flat as a function of frequency,
owing to the designed mode density rule discussed earlier. This can be seen in Fig. 3, which
was calculated from equations (11¢) and (12) (the II,,, contributions included). It should be
noted that in order to remedy the effect of higher order FP resonances of the longer channels,

which lowers the impedance at higher frequencies to a value slightly below Z,, 0.5 mm of

sponge was inserted in channels 10-16. This had a positive smoothing effect on the

impedance, without altering the designed resonance frequencies. In modeling, this added
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sponge was accounted for by increasing the dissipation coefficient £ of channels 10-16 by a
factor of 3.3.

Fig. 6B shows the absorption performance of the combined system, formed from 1 cm
of sponge in front of the metamaterial unit. While the designed cutoff frequency is 312 Hz,
there is an absorption tail below that, differing from the idealized case. Above the cutoff
frequency, the absorption reaches 90% at 400 Hz, then increases beyond that to an essentially
flat, near-perfect absorption all the way to higher frequencies. The agreement between theory
and experiment is excellent. Simulation results show that beyond 1400 Hz, the very high
absorption is maintained with no sign of dropping; this is due to the fact that the shorter
wavelength at higher frequencies, plus the plurality of higher order FP resonances (which
makes the metamaterial unit’s impedance low), ensures the thin sponge layer absorption to be
more effective than what is usually expected. By using the experimental absorption spectrum
below 1400 Hz and the simulation results above that, the right-hand side of equation (1) is
evaluated to be 11.5 cm, whereas the sample thickness was 12 cm. However, if the channel
folding can be improved so that the limit of d = 10.58 c¢m is reached, then the total thickness
would be 11.58 cm; i.e., equation (1) essentially becomes equality.

Alternatively, one may begin by considering the array of FP channels, where the
mode distribution inherently implies a minimum thickness of the sample, since Q, =
vy /(2L,), and by volume conservation the minimum thickness of the sample is given by
d=3YY1,¢/(Np,), provided each channel’s cross section is the same and ¢,,represents the
maximum porous ratio when the thickness of the wall and side length of the resonators have

been given. Requiring d = d,;p,, as evaluated from the causality constraint equation, yields
diin = #% UOOO In[1 — A(A)] dA|, which leads to a unique value of ¢.
0

To demonstrate the ability to achieve any desirable absorption spectrum, an

exemplary spectrum, having a quasi-M-shape, is selected, such that:

0.77 + 0.23 cos [@] swhen f € [fo,2f5] (14)

0; when f € [fo, 2fo]

For this example, a compact structure formed from 20 folded Fabry-Pérot (FP) channels is

A(f) =

used, which possess a square cross-section that is 8.1 mm on each side, with a separating wall
having a thickness of about 1 mm. The total area of the cross section is 90 mm X 90 mm,
with a porous ratio of ¢ = 0.162 at its front surface. Fig. 7 shows such an acoustic

metamaterial sound absorber 100 formed from 20 folded FP channels 110.
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From the above, the required surface impedance Z(w) can be obtained. Then, by
setting the initial frequency 2, = 2 f, = 2m * 150 Hz, the resonant frequencies €2,, can be

determined, along with the corresponding length [, for the other 19 FP tubes. This is

. dQ  ma()zZ(Q)
calculated by solving . = —

0.162
20+0.81

. The minimum thickness of the sample can then be

calculated as d = 3,22, [, x = 81.9 mm, whereas the actual sample thickness is 91.8

mm, due to the extra thickness of the back wall (4 mm) and further adjustment in total depth
to compensate the acoustic effect by folding the structure. The measurement results for the
actual fabricated sample are shown in Fig. 8. Good agreement is seen between the
experimental result and the result from a Full-Wave simulation. The experimental result can
be seen to coincide well with the target spectrum. Further improvements are possible by
increasing the total number of FP resonators so as to enhance the resolution in the working
frequency region.

Fig. 10 shows a silencer 200 for hairdryers or the like which makes use of the acoustic
metamaterial sound absorber. Silencer 200 is designed to block noise in a ventilated system,
such as in a hairdryer, by targeting the frequency spectrum with the highest sound energy
concentration. The acoustic metamaterial sound absorber allows silencer 200 to achieve
efficient noise attenuation using the smallest possible space. Silencer 200, and any similar
noise attenuators utilizing the acoustic metamaterial sound absorber, may be made from any
type of suitable material, such as, for example, plastic, metal, glass, cardboard or the like.

Fig. 9A shows a sample noise spectrum obtained from a hair dryer in which the main
noise component begins at 630 Hz (nearly 98% of the energy is distributed in this range). As
shown in Figs. 10-12, silencer 200 uses FP channels as the resonant structures. Based on the
energy distribution of the original noise spectrum, as shown in Fig. 9A, silencer 200 is
designed in a manner similar to that described above, with first portion 210 defining outlet
216, which forms a channel for the air flow from the hairdryer fan (not shown). Fig. 11 is a
sectional view, illustrating the folded channels internal to first portion 210, as described
above. In the sectional view of Fig. 11, each FP channel has one open end and one closed
end. The openings of the channels connect directly to the ventilation area. It should be
understood that the cross-sectional contour of the channels may have any suitable shape, such
as circular, rectangular, etc. Similarly, it should be understood that the channels may align in
the circumferential direction, the radial direction, or in any other suitable direction.

By surrounding the fan, the second portion 212, as shown in Figs. 10 and 12, blocks

noise leakage from the inlet 218. As shown in Figs. 10 and 13, the third portion 214 is a
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ventilated plastic foam portion, where the inlet 218 is defined between the second portion 212
and the third portion 214. It should be understood that the overall structure of silencer 200
may be made from any suitable type of material, such as, for example, polylactide (PLA)
plastic. Fig. 9B illustrates transmission loss when silencer 200 is used with the hairdryer of
Fig. 9A. Specifically, Fig. 9B shows the transmission loss induced by first portion 210, with
the experimental results being measured by a conventional impedance tube. It can be seen in
Fig. 9B that the minimal transmission loss is about 10 dB above 630 Hz, which covers the
main noise frequencies. Based on this transmission loss spectrum, the specific noise through
first portion 210 has a sound pressure level drop from 75 dBA to 65 dBA. The solid curve in
Fig. 9B was obtained by numerical simulations. It can be seen that the simulated results
agree well with the measured results. By combining the first, second and third portions 210,
212, 214 to form the overall silencer 200, the overall sound pressure level shows a decrease
from 75 dBA to 65 dBA, as measured by a sound level meter.

It is to be understood that the acoustic metamaterial sound absorber is not limited to
the specific embodiments described above, but encompasses any and all embodiments within
the scope of the generic language of the following claims enabled by the embodiments
described herein, or otherwise shown in the drawings or described above in terms sufficient

to enable one of ordinary skill in the art to make and use the claimed subject matter.
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CLAIMS

1. An acoustic metamaterial sound absorber, comprising an array of acoustic

resonance cavities, a density of number of modes per unit frequency, D, associated with the

. . . . 2 .
array of acoustic resonance cavities being given by ) = —————, where () is a resonant
mla{z{0)]

frequency of each mode associated with the array of acoustic resonance cavities, a({}) is an
oscillator strength at the resonant frequency (1, and Z({}) is a target impedance.

2. The acoustic metamaterial sound absorber as recited in claim 1, further comprising
a sound absorbing layer mounted on the array of acoustic resonance cavities.

3. The acoustic metamaterial sound absorber as recited in claim 2, wherein the sound
absorbing layer is formed from a sound absorbing material selected from the group consisting
of wool, sponge, fiber, cotton, metallic weave, cloth and combinations thereof.

4. The acoustic metamaterial sound absorber as recited in claim 1, wherein each of
the acoustic resonance cavities is at least partially filled with a sound absorbing material.

5. The acoustic metamaterial sound absorber as recited in claim 4, wherein the sound
absorbing material is selected from the group consisting of wool, sponge, fiber, cotton,
metallic weave, cloth and combinations thereof.

6. The acoustic metamaterial sound absorber as recited in claim 1, wherein each of
the acoustic resonance cavities comprises a Fabry-Pérot cavity.

7. The acoustic metamaterial sound absorber as recited in claim 1, wherein the array

of acoustic resonance cavities has a minimum thickness, d;,, defined by dpi, =

1 Beff
412 B,

| fooo In[1 —AQ)] d/1|, where A is an acoustic wavelength in the air, A(1) is an
absorption coefficient, B is an effective bulk modulus of the array of acoustic resonance
cavities in a static limit, and By is a bulk modulus of the air.

8. The acoustic metamaterial sound absorber as recited in claim 1, wherein each of
the acoustic resonance cavities is folded to have at least one inlet, an opposed closed end and

at least two plies.

9. An acoustic metamaterial sound absorber, comprising an array of acoustic

. . . . . 1 B o
resonance cavities having a minimum thickness, d,,;,, defined by dpin, = FBL“ | fo In[1 —
(3 0

AD)] d/1|, where A is an acoustic wavelength in air, A(A) is an absorption coefficient, B is
an effective bulk modulus of the array of acoustic resonance cavities in a static limit, and By

is a bulk modulus of the air.



10

15

20

25

30

WO 2018/047153 PCT/IB2017/057076

19

10. The acoustic metamaterial sound absorber as recited in claim 9, further
comprising a sound absorbing layer mounted on the array of acoustic resonance cavities.

11. The acoustic metamaterial sound absorber as recited in claim 10, wherein the
sound absorbing layer is formed from a sound absorbing material selected from the group
consisting of wool, sponge, fiber, cotton, metallic weave, cloth and combinations thereof.

12. The acoustic metamaterial sound absorber as recited in claim 9, wherein each of
the acoustic resonance cavities is at least partially filled with a sound absorbing material.

13. The acoustic metamaterial sound absorber as recited in claim 12, wherein the
sound absorbing material is selected from the group consisting of wool, sponge, fiber, cotton,
metallic weave, cloth and combinations thereof.

14. The acoustic metamaterial sound absorber as recited in claim 9, wherein each of
the acoustic resonance cavities comprises a Fabry-Pérot cavity.

15. The acoustic metamaterial sound absorber as recited in claim 9, wherein a density

of number of modes per unit frequency, D, associated with the array of acoustic resonance

cavities is given by D = Tz

where () is a resonant frequency of each mode associated
with the array of acoustic resonance cavities, @({l) is an oscillator strength at the resonant
frequency (1, and Z (1) is a target impedance.

16. The acoustic metamaterial sound absorber as recited in claim 9, wherein each of
the acoustic resonance cavities is folded to have at least one inlet, an opposed closed end and
at least two plies.

17. An acoustic metamaterial sound absorber, comprising:

a first array of acoustic resonance cavities, wherein each of the acoustic resonance
cavities of the first array of acoustic resonance cavities extends linearly and has an inlet and
an outlet;

a second array of acoustic resonance cavities, wherein each of the acoustic resonance
cavities of the second array of acoustic resonance cavities is folded to have at least one inlet,
an opposed closed end and at least two plies; and

a third array of acoustic resonance cavities, wherein each of the acoustic resonance
cavities of the third array of acoustic resonance cavities is folded to have at least one inlet, an
opposed closed end and at least three plies, the second array of acoustic resonance cavities
being sandwiched between the first array of acoustic resonance cavities and the third array of

acoustic resonance cavities.
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18. The acoustic metamaterial sound absorber as recited in claim 17, further
comprising a sound absorbing layer mounted on the first array of acoustic resonance cavities
to cover the inlet of each of the acoustic resonance cavities of the first array of acoustic
resonance cavities.

19. The acoustic metamaterial sound absorber as recited in claim 18, wherein each of
the acoustic resonance cavities of the first array of acoustic resonance cavities extends
linearly along a transverse axis, the acoustic resonance cavities of the first array of acoustic
resonance cavities being arrayed in a square grid-wise pattern along a lateral axis and a
longitudinal axis, wherein the transverse, lateral and longitudinal axes are mutually
orthogonal with respect to one another.

20. The acoustic metamaterial sound absorber as recited in claim 19, wherein the
sound absorbing layer is formed from a sound absorbing material selected from the group
consisting of wool, sponge, fiber, cotton, metallic weave, cloth and combinations thereof.

21. The acoustic metamaterial sound absorber as recited in claim 20, wherein each of
the acoustic resonance cavities of the first array of acoustic resonance cavities comprises a
Fabry-Pérot cavity.

22. The acoustic metamaterial sound absorber as recited in claim 21, wherein each of
the acoustic resonance cavities of the second and third arrays of acoustic resonance cavities

comprises a Fabry-Pérot cavity.
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