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BLOCKING PLATE STRUCTURE FOR IMPROVED ACOUSTIC TRANSMISSION EFFICIENCY

PRIOR APPLICATIONS
[0001] This application claims benefit to the following two provisional applications:
[0002] 1) U.S. Provisional Application Serial No. 62/665,867, filed May 2, 2018; and
[0003] 2) U.S. Provisional Application Serial No. 62/789,261, filed January 7, 2019.

FIELD OF THE DISCLOSURE
[0004] The present disclosure relates generally to improving acoustic transmission efficiency

by incorporating acoustic matching structures into acoustic transducers.

BACKGROUND
[0005] Acoustic transducers convert one form of energy, typically electrical, into acoustic
(pressure) waves. The proportion of energy that is emitted from the transducer into the
surrounding acoustic medium depends on the acoustic impedance of the medium relative to
the transducer. For effective transmission, the impedances should be close to equal. In many
applications the acoustic medium will be air or another gaseous medium, which, typically,
has an acoustic impedance several orders of magnitude lower than that of the transducing
element. This large impedance mismatch leads to poor transmission of energy into the
acoustic medium, limiting the amount of acoustic energy emitted by the transducer.
Techniques to improve the transmission efficiency involve adding a matching layer, or
matching structure, between the transducer and acoustic medium.
[0006] Many conventional impedance matching layer approaches require dimensions parallel
to the transmission direction be a significant fraction of an acoustic wavelength. This limits
their usability for applications that require a very thin or compact solution. A further
disadvantage of conventional impedance matching layers is that the low acoustic impedance

materials used may require complex manufacturing processes.
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SUMMARY
[0007] This application describes an acoustic matching structure used to increase the
transmission efficiency of an acoustic transducer when emitting into a medium that has an
acoustic impedance significantly lower than that of the transducer.
[0008] The following terminology identifies parts of the transducer: the transducer consists of
an acoustic matching structure and a transducing element. The acoustic matching structure is
passive and is designed to improve the efficiency of acoustic transmission from the
transducing element to a surrounding acoustic medium. The transducing element generates
acoustic output when driven with an electrical input. The transduction mechanism may be by
oscillating motion, for example using an electromechanical actuator, or by oscillating
temperature, for example, using an electrothermal transducer.
[0009] Specifically, an acoustic matching structure is used to increase the power radiated
from a transducing element with a higher impedance into a surrounding acoustic medium
with a lower acoustic impedance.
[0010] The acoustic matching structure consists of a resonant acoustic cavity bounded by an
acoustic transducing element and a blocking plate. The resonant acoustic cavity amplifies
pressure oscillations generated by the transducing element and the blocking plate contains
one or more apertures, which allow pressure oscillations to propagate from the resonant
acoustic cavity into the surrounding acoustic medium.
[0011] A preferred embodiment of the acoustic matching structure consists of a thin,
substantially planar cavity bounded by a two end walls and a side wall. The end walls of the
cavity are formed by a blocking plate wall and a transducing element wall separated by a
short distance, less than one quarter of the wavelength of acoustic waves in the surrounding
acoustic medium at the operating frequency of the transducer. The end walls and side wall
bound a cavity with diameter approximately equal to half of the wavelength of acoustic
waves in the surrounding acoustic medium. In operation, a transducing element generates
acoustic oscillations in the fluid in the cavity. The transducing element may be an actuator
which generates motion of an end wall in a direction perpendicular to the plane of the cavity
to excite acoustic oscillations in the fluid in the cavity, and the cavity causes resonant
amplification of the resulting pressure oscillation. The cavity side wall or end walls contain at
least one aperture positioned away from the center of the cavity to allow pressure waves to

propagate into the surrounding acoustic medium.
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BRIEF DESCRIPTION OF THE FIGURES
[0012] The accompanying figures, where like reference numerals refer to identical or
functionally similar elements throughout the separate views, together with the detailed
description below, are incorporated in and form part of the specification, serve to further
illustrate embodiments of concepts that include the claimed invention and explain various
principles and advantages of those embodiments.
[0013] Figure 1 is a simplified schematic of a transducer with a simple quarter-wavelength
acoustic matching layer.
[0014] Figure 2 is a graph showing calculated acoustic impedance of an acoustic matching
structure constructed from a plate.
[0015] Figures 3, 4 and 5 are graphs showing calculated acoustic impedance of a thin film
matching layer.
[0016] Figure 6 is a cross-section of a transducer including a Helmholtz resonator.
[0017] Figure 7 is a transducing element coupled to an acoustic matching structure including
a blocking plate that is an example embodiment of the invention.
[0018] Figure 8 is a transducing element coupled to an acoustic matching structure that
generates the desired acoustic resonant mode and which includes a blocking plate with
annular apertures.
[0019] Figure 9 is a transducing element coupled to an acoustic matching structure that
generates the desired resonant mode which includes a blocking plate with non-annular
apertures.
[0020] Figure 10 is a transducing element coupled to an acoustic matching structure that
generates the desired resonant mode which includes a blocking plate with a radial distribution
of apertures.
[0021] Figure 11 is a graph showing on-axis pressure measurements with and without an
acoustic matching structure.
[0022] Figure 12 is a graph showing radiated power calculated using a simulation with and
without an acoustic matching structure.
[0023] Figure 13 is a graph showing radial mode pressure distribution in an axisymmetric
simulation of a transducer including an acoustic matching structure appropriate to this

transducer structure.
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[0024] Figure 14A is a cross-section of transducer including a piezoelectric bending-mode
actuator coupled to an acoustic matching structure appropriate to this actuator.

[0025] Figure 14B shows the radial dependence of the pressure oscillation within the
resonant acoustic cavity.

[0026] Figure 14C shows the radial dependence of the bending-mode actuator velocity.
[0027] Figure 15 is a graph showing radiated power in a simulation detailing dependencies
on the parameters of the apertures in the embodiment.

[0028] Figure 16 is a graph showing radiated power in a simulation with frequency response
when the height of the cavity, /caiy in the embodiment is varied.

[0029] Figures 17A and 17B are a cross-section of a transducer including a tubular cavity
with cylindrical side-walls.

[0030] Figure 17C shows how the amplitude of pressure oscillations in a cavity varies along
the longitudinal axis.

[0031] Figures 18A is a cross-section of a transducer including an acoustic cavity driven with
a higher order acoustic resonant mode.

[0032] Figure 18B is a graph that shows how the phase of pressure oscillations varies along
three parallel axes.

[0033] Figure 18C shows the phase of pressure oscillations.

[0034] Figure 18D shows the velocity profile of an actuator.

[0035] Figures 19A, 19B and 19C show cross-sections of a transducer with resonant acoustic
cavity and blocking plate combined with a thin film matching layer..

[0036] Figures 20A, 20B and 20C show cross-sections of a transducer including an acoustic
cavity and blocking plate combined with a plate with an array of holes.

[0037] Figure 21 shows multiple transducers combined with both thin film and plate with
holes matching layer structures.

[0038] Those skilled in the art will appreciate that elements in the figures are illustrated for
simplicity and clarity and have not necessarily been drawn to scale. For example, the
dimensions of some of the elements in the figures may be exaggerated relative to other
elements to help to improve understanding of embodiments of the present invention.

[0039] The apparatus and method components have been represented where appropriate by
conventional symbols in the drawings, showing only those specific details that are pertinent

to understanding the embodiments of the present invention so as not to obscure the disclosure
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with details that will be readily apparent to those of ordinary skill in the art having the benefit

of the description herein.

DETAILED DESCRIPTION
[0040] I. ACOUSTIC MATCHING LAYERS

[0041] In this description, a transducing element directly refers to the portion of the structure
that converts energy to acoustic energy. An actuator refers to the portion of the solid structure
that contains the kinetic energy before transferring it to the medium.

[0042] The specific acoustic impedance of a gas or material is defined as the ratio of the

acoustic pressure and the particle speed associated with that pressure, or

p
zZ==
u

[0043] This holds for arbitrary acoustic fields. To simplify this discussion, it is most useful to
consider the plane wave solution to the above. This reduces the equation to scalar quantities,
Z = pc,
for a wave propagating in the same direction as the particle velocity, and where p is the
density and c is the speed of sound of the medium. The importance of this quantity is
highlighted when considering the reflection and transmission from an interface between two
acoustic media with differing acoustic impedance. When a plane wave is incident on a
medium boundary traveling from material with specific acoustic impedance z; to z,, the
normalized intensity of reflection (R) and transmission (T) is,

R = (zz - zl>2 _ Azzy
"7 \z+ 2 ' (2t 2)?

[0044] This shows that when the impedance of the two media have substantially different
values, the reflected intensity is much larger than the transmitted intensity. This is the case
for most gas coupled acoustic actuators where the actuator is composed of bulk, solid
material with acoustic impedance on the order of Z; ~ 107 kg:m™-s! and for example, air at
sea level and 20°C at Z5 ~ 400 kg'm™-sL. This results in decreased efficiency and output.
[0045] The acoustic impedance of a resonant piezoelectric bending actuator has been
analyzed for a 40kHz actuator (Toda, IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, Vol. 49, No. 7, July 2002) giving Z; ~ 2 X 10* kg'm2-s1. Although this

resonant bending actuator has a much lower acoustic impedance than the bulk materials from
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which it is constructed (PZT and aluminum), there remains a substantial difference between
the actuator impedance and air impedance, decreasing efficiency and acoustic output.

[0046] A solution to this problem is to add an acoustic matching layer with an impedance Z,
which serves as an intermediary between the higher-impedance actuator and the lower-
impedance bulk gaseous phase medium.

[0047] An acoustic matching layer or other acoustic matching structure is required to be
inserted into the path of acoustic energy transfer from the actuator into the medium and is
designed to have an acoustic impedance that is as close as possible to the optimal matching
structure impedance, that is the geometric mean of the acoustic impedances of the source and
the destination, which in some embodiments may be a higher-impedance actuator and the
lower-impedance bulk air or other acoustic medium. The effect of the intermediate
impedance matching layer is that the energy transfer from the higher impedance region to the
matching layer and then from the matching layer to the lower impedance region is more
efficient than the more direct energy transfer from the higher to the lower impedance regions.
[0048] There may also be a plurality of matching layers that form a chain which is at its most
efficient when the logarithms of the acoustic impedances of the endpoints and each matching
layer form a chain whose values are progressive and substantially equally spaced.

[0049] In the case of a single-material matching layer added to the surface of a transducing
element, there are two key properties that must be selected and balanced:

[0050] 1. The acoustic impedance of the layer, Z,, must be approximately equal to the
geometric mean of the impedance of the acoustic source region, which in some embodiments
may consist of a piezoelectric source element (Z;) and the impedance of the medium (Z3).
[0051] 2. The thickness of the layer of bulk material must be approximately equal to a quarter
wavelength of the longitudinal pressure waves in the matching layer material at the operating
frequency (frequency of pressure oscillations).

[0052] These two properties must be tuned and matched, as the thickness of the layer of any
given material also impacts the acoustic impedance. It can be seen that there will only be a
limited selection of suitable materials, and for some ranges of frequencies this limited
selection may be small.

[0053] Figure 1 shows a schematic 100 of a transducer that includes a conventional matching
layer. An intermediate layer 130 (with an intermediate acoustic impedance) serves as the

matching layer which is added between the actuator 140 and acoustic medium 110 (such as
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air). The thickness 120 of the intermediate layer 130 is approximately equal to a quarter
wavelength of the longitudinal pressure waves in the matching layer at the operating
frequency when the matching layer is considered as a bulk material.

[0054] Figure 2 is a graph 200 showing calculated acoustic impedance 210 of an acoustic
matching structure constructed from a plate of thickness t 220 containing an array of holes, as
described in the prior art (Toda, IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, Vol. 49, No. 7, July 2002). Variation of acoustic impedance with plate
thickness is calculated in air for frequencies of 30kHz, 40kHz and 50kHz (250, 240, 230),
showing impedance maxima when the plate thickness is equal to ¥4 of the acoustic
wavelength of air.

[0055] Figures 3, 4 and 5 are graphs 300, 400, 500 showing calculated acoustic impedance of
a thin film matching layer, as described in the prior art referenced in the previous paragraph.
In Figure 3, acoustic impedance 310 is plotted against frequency 320 for the case of a 15um
thick polyethylene film spaced away from a transducing element by an air gap with thickness
from 0.1mm to 0.5mm (370, 360, 350, 340, 330). In Figure 4, acoustic impedance 410 is
plotted against frequency 420 for a range of film thickness values from Sum to 45um (470,
460, 450, 440, 430), with the film separated by an air gap of 0.2mm from a transducing
element. In Figure 5, acoustic impedance 510 is plotted against separation between film and
transducing element 520 for a film thickness of 25um. The combination of thin film and thin
air gap creates a high acoustic impedance 530 when the gap is approximately 20-22um.
[0056] Figure 6 is a cross-section of a transducer including a Helmholtz resonator. The
Helmbholz resonator 600 has a cavity 640 with dimensions substantially less than % of the
acoustic wavelength and spatially uniform pressure, and an aperture 650 typically located at
the center of the cavity 640. The cavity is bounded by walls 610a, 610b, 620a, 620b.

[0057] As an example, the acoustic impedance of a matching layer for a thickness-mode,
piezoelectric actuator operating in air may be computed. The acoustic impedance required in
this situation is approximately 100,000 kg'm?:s™1. The computation proceeds by taking
logarithms of each of the impedances of the adjoining elements, which is found to be
approximately 7.5 for the piezoelectric transducing element (Z,) and approximately 2.5 for
the bulk air (Z3) at the expected temperature and pressure. Then, for each matching layer
required the average of the logarithms of the impedances of the adjoining regions may be

used to determine the logarithm of the impedance required for the matching layer. Table 1
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shows the acoustic impedance of air and PZT-5A (a piezoelectric material), and the ideal

acoustic impedance of a matching layer for a thickness mode piezoelectric actuator operating

7.5+2.5

in air which is = 5 alongside the logarithms of each of the impedances.

[0058] Table 1:

Material Acoustic Impedance kgm?:s! | Impedance logarithm
PZT 5A 34,000,000 7.53
Air (1 atm, 20°C) 400 2.60
Ideal matching layer 100,000 5.00

[0059] The acoustic impedances required for an ideal matching layer to bridge this large gap
in acoustic impedances must be therefore composed of a solid material with a very low speed
of sound and low density. The low speed of sound is preferable in order to reduce the size or
volume of material required to make a matching layer that fits the quarter wavelength
criterion. The low density is required for the material to have an acoustic impedance that is
appropriate to a matching layer. But in general, suitable materials do not occur naturally.
They must be often constructed with special manufacturing processes that tend to be complex
and difficult to control, leading to variable acoustic properties and variable performance as a
matching layer. For examples of such constructed suitable materials, matching layers using
glass and resin microspheres are described in US Patent No. 4,523,122 and a matching layer
using a dry gel material is described in US Patent No. 6,989,625. An ideal matching layer for
a typical resonant piezoelectric bending actuator would have even lower acoustic impedance
and would be more challenging to construct.

[0060] A further problematic issue with low-density, low-speed-of-sound matching layers of
suitable materials is the constraint on thickness imposed by the quarter wavelength
requirement. The lower the primary operating frequency of the transducing element, the
longer the wavelength and the thicker the matching layer must be. For example, the
wavelength at 40 kHz in air at ambient pressure and temperature is 8.58 mm. Therefore,
assuming the material has a similar speed of sound to that of air—which would itself be
difficult to achieve as it would require a high-density but low-stiffness material which would
again likely require a specialist process to create—an ideal matching layer would have a
thickness close to 2.14 mm. In thickness-constrained applications, this may be too great to be

viable, either commercially or for the particular application of interest. Matching layers made
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of a material with a speed of sound greater than air would need to be thicker than this 2.14
mm,

[0061] This invention proposes the use of a vented resonant acoustic cavity formed by
placing a blocking plate in the path of the acoustic energy transfer from a transducing
element to an acoustic medium to achieve an intermediate acoustic impedance, that is lower
acoustic impedance than that of the transducing element and higher acoustic impedance than
the surrounding acoustic medium. The intermediate acoustic impedance increases the
efficiency of acoustic energy transfer from the transducing element to the acoustic medium,
and is provided through the production of a controlled resonant acoustic mode in an acoustic
cavity in the path of the transfer of acoustic energy from the transducing element to the
acoustic medium. The acoustic cavity that constrains the acoustic medium in a way that gives
rise to a resonant acoustic mode in the acoustic medium that can be excited by the
transducing element. The blocking plate which forms one face of the acoustic cavity contains
apertures that allow acoustic energy to be transmitted from the acoustic cavity into the
acoustic medium.

[0062] The effective acoustic impedance of the acoustic matching structure can be
determined from the definition of acoustic impedance, Z = p/u, that is the ratio of acoustic
pressure to particle velocity. In operation, the actuator creates a boundary velocity field in the
acoustic medium and is situated on one side of the blocking plate which is placed
intentionally in the path of the energy transfer. The actuator and blocking plate form an
acoustic cavity substantially bounded by the actuator and the blocking plate. The actuator
drives an acoustic wave from the surface of the actuator into the acoustic cavity. As the
actuator continues to oscillate with substantially constant displacement amplitude and
frequency, resonant acoustic oscillations in the cavity are excited and build in amplitude. The
resonant increase in acoustic pressure resulting from substantially constant actuator
oscillation velocity amplitude indicates an increase in the effective acoustic impedance of the
acoustic cavity relative to the bulk acoustic medium by a factor of Qcaviry, where Qcaviry 1s the
quality factor of the cavity acoustic resonance.

[0063] In the structure designed to produce such a resonant acoustic mode, the dimensions
can also be arranged and resized so that the close spacing of the blocking plate and actuator
increases the effective acoustic impedance of the acoustic medium by confining the fluid to a

thin layer and constraining the fluid motion to be substantially parallel to the face of the
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actuator. In the case of a flat cylindrical cavity, the fluid velocity and pressure are increased
by a factor: feeom = Feaviy /(2 Peaviy), Where Feaviyy 18 the radius of the cavity and fcaviy 1s the
height of the cavity, that is the separation of the actuator and blocking plate, and the effective
acoustic impedance of the medium is increased by the same factor fgeom. Preferably, reavin > 5
heaviry 5O that feeom > 2.5, and more preferably, Feaviny > 10 Acaviny S0 that fzeom > 5. The acoustic
impedance of the fluid in the cavity is increased relative to the bulk acoustic medium by a
factor: Qcaviry X _feeom, the product of the resonant cavity quality factor and the geometric
amplification factor. In this way the acoustic cavity acts as an acoustic matching layer with
acoustic impedance higher than the bulk acoustic medium and lower than the actuator.
[0064] It is useful to consider the minimum cavity height that can support an acoustic
resonance. In order to establish an acoustic resonance in the cavity without excessive viscous
losses we require Acgyicy > 6, where 6 is the viscous boundary layer thickness. For a
cylindrical cavity with radius rewiy containing a fluid with speed of sound ¢, with a pressure
node at its perimeter, the first radial acoustic mode has a pressure distribution following a

Bessel function of the form:

ko r
p(r) :]0< ): ko ~ 2.4
cavity
and the frequency of the first radial acoustic resonance, fy, is given by:
Y
fO - ancavity.

. . L. heaviey® 82 2v . ..
[0065] From this we can derive the condition ===~ > = — For operation in air at
Tcavity Tcavity Koc

. Reavity® . . . .
20°C, this gives =¥~ > 3.7 x 10~® m. For gases with lower kinematic viscosity and

Tcavity
higher speed of sound, this value may be smaller, as low as 1 X 1078 m.
[0066] However a small cavity height is beneficial as the narrow separation of actuator and
blocking plate constrains the acoustic medium and results in an increase in the radial velocity
of the acoustic medium in the cavity for a given actuator drive velocity, with a geometric
amplification factor feeom = Feavin/ (2 heaviy) as described above. The optimal cavity height
results from a tradeoff between maximizing the geometric amplification factor, and
maximizing the cavity quality factor by minimizing the viscous losses in the boundary layers.
[0067] However, as the goal is to transfer the energy into the medium, an aperture is needed

to allow acoustic waves to escape from the structure. It is helpful to balance the constraints of

-10 -
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the maintenance and conservation of the appropriate acoustic perturbation, wherein a smaller
area aperture in the novel matching structure is beneficial, which the requirement that the
increased perturbation be transmitted onwards into the acoustic medium, wherein a larger
area aperture in the novel matching structure is beneficial. At least some aperture, which may
comprise one or many discrete sections, must be added so that a portion of the acoustic
output generated by the transducer can escape on every cycle into the bulk medium.
[0068] In these embodiments, the term “acoustic medium” refers to the medium inside the
cavity through which acoustic waves travel. The “bulk medium” refers to the acoustic
medium which exists outside the cavity. The medium can be liquid, such as water, or gas,
such as air or any other medium which is distinct from the construction material of the
invention. Any medium supporting acoustic waves can be referred to as a “fluid” for the
purposes of this discussion.
[0069] The process of designing the structure that is to create a suitable resonant mode in the
acoustic medium can be illustrated with a simplified boundary value problem. A simple
structure can embody the properties described above in the form of an acoustic cavity
consisting of a volume of the acoustic medium which has in this example been restricted by a
surrounding structure of side walls. The resonant frequency mode structure can be
determined by finding solutions to the Helmholtz equation,

Vip+k?p =0
with p = P(x)exp(jwt) and p = cZp,, with appropriate boundary conditions. In these
equations P(x) is the peak pressure deviation from ambient pressure (a spatially varying
function of the displacement vector x = [x, y, z] in Cartesian coordinates or function of the
displacement vector r = [r, 0, z] in cylindrical coordinates from the cavity origin), p is the
complex-valued acoustic pressure, ¢, is the speed of sound in the ambient medium, p; is the
first-order density deviation from ambient density (where the density is this deviation p,

added to the ambient density py, so p = py + p1), w is the acoustic angular frequency, t is

time, j is V—1, and & is the wavenumber. It can be immediately appreciated that the acoustic
pressure, p, can be related to the density, p, and thus the acoustic impedance as previously
discussed.

[0070] As an example using cylindrical coordinates, suitable for a cylindrical cavity, we can

consider a cavity with radius @caviry and height Acavin,. The domain of interest is described by 0

-11 -
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<r < Acavity, 0 L0 <27, 0 <z < heavin. Separation of variables allows for an analytic solution
of the form,
Pion = Amn Jolkr1 1) cos(kom 0) cos(kzn z) & @M1

Where Jy is the zeroth order Bessel function of the first kind, with the radial wavenumber £,
having values given by Bessel function zeros divided by the cavity radius, ka» having integer
values (kom = m) and kz, having values given by &z = 275 / heavin. The first three values of ki
are given by: kwo = 2.404 / acaviry, kro = 5.201 / acaviry, kro = 8.6537 / dcavin. Note that Py, = 0 at
F = deaviy 1n this analytical description, corresponding to a zero pressure boundary condition.
In practice, this analytical description is not fully accurate, and the boundary condition will
be mixed (neither zero pressure nor zero displacement) due to the presence of apertures near r
= Qcavin,. HOwever Piy, will be small at 7 = deavin, compared with its value at 7 = 0, as shown by
the results of a numerical simulation shown in Figure 13.
[0071] As an example using Cartesian coordinates, we can work through the determination of
the mode structure for the medium volume contained within a rectangular cavity with rigid
walls, the origin placed at one corner of the box, with the axes oriented such that the domain
of interest is described by x = 0, y = 0 and z = 0. Separation of variables then allows for an
analytic solution of the form,

Pimn = Aimn €0S(KX) cos(kymy) cos(k,,z) e/ @mnt,
with the wavenumbers ky;, Ky, and k,,, given by the physical dimensions of the cavity L,

Ly, and L, respectively as:

4 T
— k =n—
Ly rvzZn LZ,

T
Ky = la,kym =m
wherein [, m and n can be substituted for any unique combination of integers to describe
each resonant mode of the cavity.

[0072] The angular frequency that generates the mode is then given by,

Wimn = CO\/kazcl + kalm + k%n

[0073] The amplitude of the wave (A;,,,) scales with input but in this analysis has no effect
on the frequency of the mode.

[0074] Let us examine the specific case of the mode ! = 2, m = 2 and n = 0 wherein L, =

L, = L. Here the angular frequency is given by w =

22 . oy
%. The acoustic pressure within the

cavity is given by

-12 -
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j2vzegmt

p = Acos (2%) cos (2%) e L

>

. . L L, . .
with no dependence on z. The bottom center of the cavity (x = > Y= E) is an acoustic

pressure antinode and experiences the same peak pressure as the walls which can be much
higher than the ambient pressure. An actuator placed at this location receives the benefit of
working against a higher pressure for a given displacement. The lack of z-dependence in this
example means that this cavity achieves this mode even if L, is very small.

[0075] The presence of apertures causes a mixed boundary condition, and this complicates
the solution. Furthermore, losses and energy propagation from the transducing element to the
external acoustic medium lead to a travelling wave component in the acoustic wave. The
result is that there are no perfectly nodal locations, but there are locations of minimum
pressure oscillation amplitude.

[0076] Aperture(s) which allow acoustic energy to propagate from the cavity to the
surrounding acoustic medium are located in areas of lower pressure oscillation amplitude,
and transducing elements are located in areas of higher pressure oscillation amplitude.
[0077] The description above describes the idealized case of an acoustic mode in a closed,
rigid box. In practice, the pressure oscillation amplitude would be reduced near apertures
which allow pressure waves to propagate through from the cavity to the external acoustic

medium.

[0078] There is a minimum necessary L, related to the viscous penetration depth, ~ u—f ,

where Vv is the kinematic viscosity of the medium. Significantly smaller than this value will
result in energy being lost to heat through thermo-viscous boundary layer effects at the walls.

The clear advantage of this solution over a typical matching layer is that it can be much
smaller in thickness than % (where A is the wavelength) because this utilizes a mode that is

not in parallel with the path of acoustic energy transfer to influence the transfer of the
acoustic energy.

[0079] It need not, however, be small in z as in this example. If desired a tall, thin cavity can
be designed with a high-pressure antinode occurring near the actuator. This may be beneficial
in applications in which compacting larger numbers of transducers in a small surface area is
required, but thickness restrictions are relaxed instead. For instance, take the mode shape [ =

0, m = 0 and n = 1 of the acoustic medium as before where in this case L, = L. Here the

-13 -
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angular frequency is instead given by w = % and the acoustic pressure is given by p =

A cos (?) e L which in this example has only dependence on z. Using a long actuator in

the form of a strip that extends away from the aperture and bends with maximum
displacement at the opposite location in z is advantageous here. This is because the high-
pressure antinode and thus the most suitable instantaneous acoustic impedance must occur in
this example at the furthest point where z = L.

[0080] Further examples may be constructed, especially in cases where there is at least one
dimension that does not have length limiting requirements, as shown in Figure 17 and Figure
18.

[0081] To achieve even higher acoustic pressure, it may be reasonable to construct a cavity
wherein the mode shape is defined by [ = 0, m = 0 and n = 3. In this case, there are two
antinodes present in the along the length of the acoustic cavity. Unlike the above examples,
these antinodes are out of phase and swap every half period of the progressive wave mode
present in the cavity. By driving into both antinodes at their respective high-pressure points in
the cycle, with two transducers transferring energy with each driven m radians out of phase,
higher pressures and thus further increased acoustic impedances may be generated which
would lead to more efficient energy transfer to the acoustic medium. In another embodiment,
a single actuator could be situated such that during one phase of its motion it applies
displacement into one antinode of the structure and during the opposite phase excites motion
at the other antinode. This could be accomplished through mechanical coupling to a flexible
surface at the second antinode location. Alternatively, a small pocket of gas could provide
coupling to a flexible surface. In another arrangement, the actuator could be designed to
operate in an ‘S’-shaped mode where half is moving into the structure and half is moving out
during one polarity of drive which reverses at the other polarity. This would then be matched
to a structure containing out-of-phase antinodes at the surfaces of maximum displacement.
[0082] The example cavities described in the previous two paragraphs describe tubular-
shaped embodiments of the invention with one primary dimension extending longer than the
other two. An advantage of this arrangement is that the cavity need not extend directly
normal to the transducing element but can curve if necessary. This acts like a waveguide to
direct and steer the acoustic wave while still developing the mode structure necessary to be

an effective matching layer. The effective cavity cross-section which helps maintain the
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acoustic mode will follow the acoustic wave-front through the cavity. An estimate of the path
of the cavity mode can be made by connecting an imaginary line from the center of the
transducing element to center of the blocking plate through the cavity while maximizing the
average distance at any point on the line to the side walls. Taking cross sections using this
line as a normal can adequately estimate the mode structure. Bending and altering the cavity
cross section can, for instance, enable shrinking the effective spacing in an array
arrangement. This could be done by arranging a network of matching cavities from an array
of transducers with a given pitch and reducing and skewing the opposite blocking plate side
of the cavity so that the pitch is narrower on the aperture side. This embodiment could also be
used to change the effective array arrangement from, for example, rectilinear to hexagonal
packing.

[0083] A further variation on this theme may be considered if the transducer is required to
have a wider spread of frequency variability. If there are two axes in which the mode
numbers {l, m, n} are non-zero (such as the mode of the first example I =2, m = 2, n = 0),
then the w for each non-zero axis may be effectively perturbed to shift the peak of the
resonant mode to different frequencies when each axis is considered as a separate resonant
system. An embodiment of this perturbation of w may be realized by modifying the geometry
internal cavity from a square prism to a rectangular prism, wherein the deviation from a
square prism is indicative of the separation of the two resonant peaks. When these peaks are
close together, they may be considered as a de facto single (but potentially broader) peak.
When these w deviate, it has the effect of broadening the resonant peak of the output,
enabling reduced manufacturing tolerances to be used or allowing the driven frequency to
vary from the resonant frequency without experiencing sharp loss of output. This broader
response is at the expense of reduced output at the peak frequency.

[0084] A similar analysis can be done for an arbitrary shaped structure or cavity. Some, like a
cylindrical cavity, can be solved analytically in a way that is similar to the previous
examples, while others will need the help of numerical simulations such as finite element
analysis to predict where, when and how the appropriate high-pressure antinodes will form.
The design goal is to have an acoustic mode which yields a pressure distribution that spatially
mimics the displacement of the actuator mounted in the acoustic transducer structure at the

desired frequency of oscillation.
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[0085] If an enclosed cavity is designed to hold and maintain the resonant mode in place,
apertures should ideally be added to the surface of the resonant cavity to allow a portion of
the acoustic field in the cavity to escape into the bulk medium on every cycle. The exact
shape and placement of the apertures does not lend itself to closed-form analytic analysis. In
general, the size should be kept small compared to the larger length dimensions of the mode
in the cavity so that they do not substantially disturb the cavity mode; apertures that are too
large will cause a significant loss of acoustic pressure in the cavity and will cause the desired
impedance effect to wane. Too small, however, and not enough acoustic pressure will escape
per cycle therefore reducing the efficacy of the cavity as a matching layer. An aperture shape
which substantially corresponds to an equiphasic portion of the acoustic mode shape will also
help prevent significant disturbance of the mode shape. Some examples of apertures are
given in Figures 8, 9, and 10. Simulation results for various apertures shapes will be
discussed below.

[0086] 1I. BLOCKING PLATE MATCHING STRUCTURES

[0087] A. Blocking Plate Structure Design

[0088] Figure 7 shows a schematic 700 of a transducer coupled to a blocking plate in cross

section, which serves to illustrate an embodiment of the invention. A blocking plate structure
includes a blocking plate 770 with a side wall 780 and aperture(s) 797. This is situated spaced
away from an acoustic transducing element 785 with a surrounding structure 790. The
blocking plate is spaced a distance, Rcavicy 730, in the propagation direction away from the
transducing element front face, where hc,yicy 730 is less than one quarter of the wavelength
of acoustic waves in the surrounding medium at the operating frequency. The underside
surface of the blocking plate 770 (i.e. on the transducing element side) forms one surface of a
thin, planar acoustic cavity, with the spatial extent of the cavity formed by the propagation
face of the transducing element 765, the blocking plate 755, and the side walls 790.
Operation of the transducing element excites a substantially radial acoustic resonance in the
cavity 795 travelling parallel to the blocking plate, which increases the pressure experienced
by the front face of the transducing element during the compression phase of its operation as
this pressure here is substantially the sum of the ambient pressure and the maximum pressure
perturbation due to the resonant mode. (Radial is defined here as being a direction
perpendicular to the propagation direction.) The cavity 795 has one or more apertures 797

positioned on the outer surface facing the bulk medium away from its centerline to allow
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acoustic pressure waves to propagate into the surrounding medium. The aperture(s) 797 is
formed by the opening between the blocking plate 770 and the side wall 780. The nominal
parameter values for 20kHz, 65 kHz and 200kHz embodiments of the transducer shown in
Figure 7 are set forth in Table 2.

[0089] Table 2:

Example traasducer dimensioss (ram)
20 kHz 65 kifz 200 kHz
;fgm‘“’" 7.50 2.50 0.50
iia{;‘“ 7.50 2.50 0.50
et 2.00 0.80 0.20
Jolfset 6.00 0.00 0.00
'ilfg"’ 0.25 0.20 0.10
f;if‘k‘ ng 6.25 0.20 0.10

[0090] The blocking plate structure forms a cavity 795 positioned immediately next to the
actuating face of the acoustic transducing element assembly which represents the primary
transfer surface for moving kinetic energy into the acoustic medium. The acoustic resonant
frequency of this cavity in this embodiment is chosen to match the substantially radial mode
to increase the power radiated by the transducer into the propagation medium. This is
possible because the small cavity 795 between the transducing element and the blocking front
plate of Figure 7 increases the amplitude of pressure oscillation generated within that cavity
795 by the motion of the transducer. This improves the coupling (and therefore efficiency of
power transfer) between the higher acoustic impedance transducer and the lower acoustic
impedance medium constrained within the structure (which is typically the same as the
propagation medium). This acoustic power propagates into the surrounding medium via the
one or more aperture(s) 797.

[0091] Aperture examples are shown in Figures 8, 9 and 10.

[0092] Figure 8 shows a schematic 800 with a transducing element 810 coupled to an

acoustic structure whose upper surface 820 has annular-shaped apertures 830.
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[0093] Figure 9 shows a schematic 900 with a transducing element 910 coupled to an
acoustic structure whose upper surface 920 has non-annular-shaped apertures 930.

[0094] Figure 10 shows a schematic 1000 with a transducing element 1010 coupled to an
acoustic structure whose upper surface 1020 has circular apertures 1030 positioned on a
circular pitch.

[0095] Figures 11 and 12 demonstrate with experimental data and numerical simulation
respectively that, over a certain frequency range, both on-axis acoustic pressure and radiated
acoustic power in this L, ~ L, > L design are greater with the use of the blocking plate
structure that embodies the invention than without.

[0096] Figure 11 shows a graph 1100 of the measured on-axis acoustic pressure with and
without the embodied invention. The x-axis 1120 is frequency in Hz. The y-axis 1110 is the
on-axis acoustic pressure at 30 cm in Pa. The plot shows the on-axis acoustic pressure
measured 30 cm from the transducer as a function of frequency for a transducer with the
acoustic structure which embodies the invention 1130 and without this structure 1140. The
graph 1100 shows that, for almost all frequencies between 50 kHz and 80 kHz, the on-axis
acoustic pressure at 30 cm is higher for a transducer with a blocking plate that embodies the
invention than without. The on-axis acoustic pressure is significantly higher when the
blocking plate structure in used between about 62 kHz to about 66 kHz in this embodiment.
[0097] Figure 12 shows a graph 1200 of the simulated on-axis acoustic power with and
without the blocking plate. The x-axis 1220 is frequency in Hz. The y-axis 1210 is radiated
power in W. The plot shows radiated power as a function of frequency for a transducer with
the blocking plate 1230 and without the blocking plate 1240. The graph 1200 shows that, for
frequencies between about 60 kHz and about 90 kHz, the radiated power is significantly
higher with the blocking plate than without.

[0098] Further, it is possible to tune the frequency of the acoustic resonance of the cavity
that, when coupled to the transducing element that has its own operating frequency, may
provide desirable characteristics of the acoustic output (e.g. broadband, high on-axis pressure,
high radiated acoustic power). The transducing element operating frequency may be different
from the acoustic resonant frequency. When the resonant frequency of the cavity and the
operating frequency of the transducing element are closely matched, the radiated acoustic
power is greatest. A further performance improvement may be realized if the transducing

element and acoustic cavity resonance are mode-shape matched, i.e. the displacement profile
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of the transducing element oscillation is substantially similar to the pressure mode shape of
the acoustic resonance excited in the medium.

[0099] It may also be advantageous to use a mix of a frequency that activates the impedance
matching effect and one or more further frequencies that constitute the desired output (which
may also be in conjunction with multiple transducing elements). Due to the impedance
matching effect, this would not behave linearly when compared to each of the frequency
components in isolation, and so in applications where design simplicity, small size and high
output efficiency is important while the high ultrasonic frequencies may be disregarded, such
as in small speaker units, this may be used to achieve more commercially viable designs.
[00100] Figure 13 shows a graph 1300 of the magnitude of pressure oscillations at the
propagation face of transducers with and without a blocking plate (which is part of a structure
that is the embodiment) in an axisymmetric simulation. In this case the blocking plate and
side walls are circularly symmetric. The x-axis 1320 is the distance in mm of the radial line
on the transducer face starting from the center. The y-axis 1310 is the absolute acoustic
pressure in Pa. The plot shows absolute acoustic pressure of the transducer as a function of
the radial distance between the center (r = 0 mm) and edge (r = 2.5 mm) of the transducer
with the blocking plate 1330 and without the blocking plate 1340. The graph 1300 shows that
absolute acoustic pressure without the blocking plate is essentially constant at about 750 Pa.
In contrast, absolute pressure with the blocking plate ranges from about 21000 Pa at r =

0 mm and gradually falls to about 2000 Pa at r = 2.5 mm. The data shown is taken from an
axisymmetric pressure acoustics finite element model (COMSOL) for two otherwise identical
piston mode actuators.

[00101] From this it can be seen that matching the displacement profile to the mode shape is
not an absolute requirement for the blocking plate and surrounding structure to be effective,
since the radiated power from a simple piston-mode actuator (e.g. piezoelectric actuator in
thickness-mode) can be increased by the presence of the blocking plate with surrounding
structure as shown in Figure 12.

[00102] B. Blocking Plate Coupled to Bending-Mode Piezoelectric Actuator

[00103] Figure 14A shows a schematic 1400 of a cross-section embodiment of a blocking
plate when coupled to a bending-mode piezoelectric actuator. The blocking plate structure

includes a blocking plate 1420, side walls 1450 and aperture(s) 1490, mounted using a
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supporting structure 1410a, 1410b, and spaced away from an acoustic actuator comprising a
substrate 1430 and a piezoelectric transducing element 1440.

[00104] Figure 14B is a graph 1492 showing the radial dependence of the pressure oscillation
within the resonant acoustic cavity. Figure 14C is a graph 1494 showing the radial
dependence of the bending-mode actuator velocity.

[00105] In this embodiment, the displacement profile of the actuator is well-matched to the
radial mode acoustic pressure distribution in the cavity. In addition, the blocking plate
structure is used to define the motion of the actuator as well as the geometry of the cavity.
The blocking plate structure heavily constrains motion of the actuator at the perimeter of the
cavity where the structure becomes substantially stiffer, owing to the greater thickness of
material in this region. The structure similarly does not constrain motion at the center of the
actuator where the center of the cavity and thus the high-pressure antinode is located. This
allows the displacement of the actuator to follow the desired bending shape when actuated,
which is very similar in profile to the acoustic pressure distribution depicted in Figure 13.
Consequently, the blocking plate serves a dual function: providing mechanical support for the
actuator and creating an acoustic matching structure. This further reduces the height of the
whole system.

[00106] 1. Tuning the Resonant Frequency

[00107] Returning to Figure 7, the cavity resonance can be tuned by changing the cavity
radius, Teaviy 750. This can be different than the transducing element radius yransducer 740,

This allows the transducing element to be designed separately from the cavity, since the

. . 1
resonant frequency of the cavity, ficoustic, varies as facoustic ~ T
cavity

[00108] Table 3 below shows example dimensions to tune to cavity to 3 different frequencies
of operation.

[00109] While not necessary, the transducing element radius and cavity radius are typically
chosen to be the same. Table 3 shows that the r.,yity 750 can be either sub-wavelength or
greater than a wavelength, while still increasing the radiated acoustic power over a

transducing element with no blocking plate.
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[00110] Table 3:

Tcavity | Waperture | Frequency at Corresponding Comment
(mm) (mm) peak output wavelength
(Hz) (mm)
1.5 0.05 44,500 7.7 Sub-wavelength
cavity radius
5.0 4 100,500 34 Larger than
wavelength
cavity radius

[00111] Table 3 shows that, for a given blocking plate and supporting structure thickness
Rplocking 720 and cavity height hcayiry 730 (both 0.2 mm), radiated power can be increased
by a cavity with radius either substantially smaller than or greater than the target wavelength.
Data is taken from a two-dimensional axisymmetric simulation about the centerline of the
transducer using a pressure acoustics finite element model (COMSOL).

[00112] In addition to Teqpiey, the width of Wapereyre 760 can be used to tune the resonant
frequency of the cavity. Figure 15 is a graph 1500 showing radiated power dependence on the
width of Wypersure and frequency. The x-axis 1520 is frequency in Hz. The y-axis 1510 is
radiated power in W. The plot shows radiated power of the transducer as a function of the
frequency at a Waperture = 0.01 mm 1530, 0.05 mm 1535, 0.1 mm 1540, 0.5 mm 1545, 1 mm
1550, 1.5 mm 1555, and 2 mm 1560. A baseline 1525 without blocking plate is shown for
comparison. The graph 1500 shows that a Wgpersyure 0f 0.1 mm produces the highest radiated
power of 0.040 W at a frequency of about 50 kHz. No other Wgpereyre produces a radiated
power greater than 0.020 W at any tested frequency. Data was taken from a two-dimensional
axisymmetric simulation about the centerline of the transducer using a pressure acoustics
finite element model (COMSOL) where the transducing element is considered to be a simple
piston moving at a preset velocity at each frequency.

[00113] The central region must still be partially blocked by the blocking front plate, such

that the width of the aperture, Woperrure < 0.97caviey - Yet there also exists a lower limit on
the width of the outlet, relating to the oscillatory boundary layer thickness, § =~ L:—f (where v

is the kinematic viscosity of the medium), at the operating frequency, f, such that
Waperture > 26. Below this value, a significant proportion of the acoustic energy is lost via

viscous dissipation at the outlet.
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[00114] The resonant frequency of the radial acoustic mode excited is only weakly dependent
on the cavity height, Ac,yiry (730), as shown in Figure 16. Figure 16 is a graph 1600 of the
effect of cavity height on the frequency response of the acoustic energy radiated through the
blocking plate structure into the medium. The x-axis 1620 is frequency in Hz. The y-axis
1610 is radiated power in W. The plot shows radiated power of the transducer as a function
of the frequency at h,yity0f SO pm 1630, 100 um 1640, 150 um 1650, and 200 pm 1660.
The graph shows that the functions for h¢ayicy 0f 100 pm 1640, 150 um 1650, and 200 um
1660 are quite similar. Data for Figure 16 is modeled spectra from a two-dimensional
axisymmetric simulation about the centerline of the transducer using a pressure acoustics
finite element model of a piston transducer coupled with the blocking plate.

[00115] Taking an example from Figure 16, when the cavity height A,yity, is increased from
100 um to 200 pum, the simulated resonant frequency only changes by 5%. Therefore, its
resonant frequency can be tuned relatively independently of the total thickness of the
matching structure, unlike the previously attempted solutions described above. In addition, an
improvement in transmission efficiency can be shown over a large frequency range with a
fixed cavity height, as shown in Table 4.

[00116] Table 4:

Frequency Baseline Radiated Power increase aperture

(Hz) radiated power with (dB) width
power (mW) | blocking (mW) (mm)

10,000 0.4 0.5 0.5 0.05
12,900 0.7 0.9 0.9 0.05
16,700 1.2 1.8 1.6 0.05
21,500 2.0 4.1 3.1 0.05
27,800 3.3 14.7 6.5 0.05
35,900 4.7 399 93 0.10
46,400 5.5 18.5 5.3 0.50
59,900 5.1 19.0 5.7 0.50
77,400 4.4 13.3 4.8 1.00
100,000 4.8 13.9 4.6 1.50
129,000 4.4 4.8 0.4 2.00
167,000 43 53 0.9 2.00
215,000 3.8 3.8 0.0 2.40
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[00117] Table 4 shows that, for a given blocking plate thickness and cavity height (both = 0.2
mm), radiated acoustic power can be increased by the blocking plate over a large range of
frequencies. Aperture width is adjusted to maximize radiated power for each frequency. Data
is taken from a two-dimensional axisymmetric simulation about the centerline of the
transducer using a pressure acoustics finite element model (COMSOL).

[00118] A similarly lower limit on the cavity height exists as with the aperture channel width,
namely that the viscous penetration depth places a rough lower limit on the cavity size,
namely hc,yicy > 26, for identical reasoning to before. An upper bound on the cavity height

is also required to ensure the dominant acoustic resonant mode is the designed radial mode.
. . 2 . . .
This requires Acayity < v where A is the acoustic wavelength at the transducer operating

frequency.

[00119] These limitations on the cavity height h,yity also have bearing on other
embodiments of this invention which may not be planar, may not have the same
configuration of dimensions or may not even have a similar intended resonant mode. As
before, the viscous penetration depth will limit the thinness of the thinnest dimension of the
structure available, dissipating more of the energy as heat as the viscous penetration depth is
reached as the minimal limit of the internal dimensions of the structure or cavity. Other thin
modes generated will also require that their thinnest dimension has substantially similar
limitations in order to achieve the correct mode constrained by the structure, as each mode
intended will have specific dimensional requirements. Moving too far from these
requirements may cause a jump in the resonant mode excited and thus deleteriously affect the
efficiency obtained from the addition of the tuned structure as described previously in this
document.

[00120] Figures 17 and 18 relate to transducers using an alternative longitudinal embodiment
of the acoustic matching structure, in which the radius of the acoustic cavity is smaller than
the height of the acoustic cavity. Figure 17A shows an axisymmetric view of a transducer. An
actuator, 1710, mates to one end of a hollow tube, 1750, at its perimeter. A blocking plate,
1720, then mates with the opposite end of the tube. An acoustic cavity, 1740, is formed by
the combination of the actuator, tube, and blocking plate. There is a small aperture, 1730, in
the blocking plate to allow pressure waves to radiate into the surrounding medium.
Longitudinal oscillatory motion of the actuator (motion indicated by 1715) generates

longitudinal pressure waves in the cavity. The frequency of these pressure oscillations can be
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adjusted so that a longitudinal acoustic resonance is excited in the cavity, increasing their
amplitude. This resonant frequency will principally be dependent on the cavity’s height, the
radius of the cavity will have a smaller effect.

[00121] Figure 17B shows an axisymmetric view of a transducer. A hollow cylindrical
actuator, 1760, mates to a base, 1770, at one end. A blocking plate, 1720, then mates with the
opposite end of the actuator. An acoustic cavity, 1740, is formed by the combination of the
actuator, base, and blocking plate. There is a small aperture, 1730, in the blocking plate to
allow pressure waves to radiate into the surrounding medium. Radial motion of the actuator
indicated by 1765 generates longitudinal pressure waves in the cavity. The frequency of these
pressure oscillations can be adjusted so that a longitudinal acoustic resonance is excited in the
cavity, increasing their amplitude. This resonant frequency will principally be dependent on
the cavity’s height, the radius of the cavity will have a smaller effect. This configuration has
the advantage of providing the actuator with a larger surface area which enables higher
acoustic output than the configuration shown in Figure 17A.

[00122] Figure 17C shows how the amplitude of pressure oscillations 1784 in the cavity
varies along the longitudinal axis 1782, from the actuator to the aperture, for two cases: (A)
with the blocking plate present 1786 (B) without the blocking plate present 1788. In both
cases a first-order acoustic resonance is excited where the amplitude of pressure oscillations
reduces monotonically from the closed to the open end of the tube. However, the amplitude is
materially higher for the case where the blocking plate is present, and notably so at the
aperture where the pressure waves radiate into the surrounding medium. The actuator may be
a thickness-mode piezoelectric actuator, where, once driven, its motion is approximately
uniform and in-phase across its area. It is this motion that generates longitudinal pressure
waves in the cavity.

[00123] Figure 18A shows an axisymmetric view of a transducer. An actuator, 1810, mates
to one end of a hollow tube, 1850, at its perimeter. A blocking plate, 1820, then mates with
the opposite end of the tube. An acoustic cavity, 1840, is formed by the combination of the
actuator, tube, and blocking plate. There are two small apertures, 1830 and 1860, in the
blocking plate to allow pressure waves to radiate into the surrounding medium. In this case,
and in contrast to figure 17, motion of the actuator excites a higher order acoustic resonance

in the cavity.
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[00124] Figure 18B is a graph 1870 that shows how the phase of pressure oscillations varies
along three parallel axes, A, B, and C. Along each axis, the pressure is highest close to the
actuator but is out of phase with the pressure at the opposite end of the tube. There is no
aperture positioned along axis B as pressure radiated from an aperture at this position would
be out of phase with the pressure radiated from apertures 1830 and 1860, which would cause
destructive interference and lower the transducer’s total pressure output.

[00125] The phase of pressure oscillations varies in the longitudinal and radial directions. In
the radial direction, at a given z height, the pressure at the center of the cavity is out of phase
with the pressure close to the tube’s inner circumference as shown in the graph 1880 of
Figure 18C.

[00126] Figure 18D shows the velocity profile 1890 of an actuator that is mode-shape
matched to the acoustic resonance described, where the phase of the actuator’s oscillations
varies across its radius; in-phase at its center, and out-of-phase close to its perimeter. In this
instance, a bending-mode piezoelectric actuator could be used to generate such a velocity
profile.

[00127] Figure 19A shows a transducer comprising an actuator and a matching structure that
is a combination of the blocking plate and thin film matching structures. The thin film, 1950,
is spaced a short distance away from the actuator, 1910, to a form a sealed acoustic cavity,
1940. The blocking plate 1930 is spaced a short distance from the opposite side of the thin
film, to form a separate acoustic cavity 1960 with aperture 1920. The combination of the two
matching structures may improve the acoustic transmission efficiency of the transducer.
[00128] Similarly, Figure 19B shows a transducer comprising an actuator and a matching
structure that is a combination of the blocking plate 1930 and thin film 1950 matching
structures. However, in this embodiment, the positions of the blocking plate 1930 and thin
film 1950 are reversed, such that it is the blocking plate 1930 that is closest to the actuator,
and the thin film 1950 radiates pressure directly into the surrounding medium. The thin film
is positioned a short distance away from the blocking plate 1930 by a spacer element, 1970.
[00129] Figure 19C shows two neighboring transducers 1992, 1194, each with the same
configuration as in figure 19B, but with a continuous thin film 1950 shared between the two
transducers. This may be advantageous if arrays of transducers are being manufactured as
the thin film 1950 could be laminated to the transducer array as a final assembly without

requiring further processing.
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[00130] Figure 20A shows a transducer comprising an actuator, 2010, and the blocking plate
matching structure. The blocking plate, 2020, has a thickness that is approximately one
quarter of a wavelength of the pressure oscillations in the acoustic medium. For example, this
medium may be air. Therefore, the aperture, 2030, has a length equal to one quarter of a
wavelength. A longitudinal acoustic resonance could be excited in the aperture, in addition to
the radial resonance excited in the cavity, 2040, formed by the actuator and blocking plate.
This additional longitudinal resonance could amplify the pressure output further.

[00131] Figure 20B shows two transducers 2061, 2062, each comprising an actuator and a
blocking plate matching structure, with a separate perforated plate, 2060, arranged in front of
both transducers. The additional perforated plate may act as an additional matching structure
and further improve the efficiency of acoustic transmission. It may also act as a protective
barrier against, for example, accidental damage to the transducers, or dirt ingress into them.
[00132] Figure 20C shows a transducer comprising an actuator and matching structure that is
a combination of the blocking plate 2020 and perforated plate 2060 matching structures. The
perforated plate 2060 is spaced a short distance from the actuator 2010. The blocking plate
2020 is spaced a short distance from the opposite side of the perforated plate, forming a
cavity 2040 with an aperture 2030. The combination of the two matching structures may
improve the acoustic transmission efficiency of the transducer.

[00133] Figure 21 shows two actuators 2109, 2110, arranged close to one another, with a
continuous thin film, 2150, positioned in front of them, and a continuous perforated plate,
2160, positioned in front of that. The combination of the two matching structures may
improve the acoustic transmission efficiency of the transducer(s). Furthermore, as both the
thin film and perforated plate are shared by multiple actuators, the ease of assembly of
transducer arrays may be improved.

[00134] 2. Advantages of the Blocking Plate

[00135] The frequency of operation of the blocking plate matching structure is dependent
largely on the in-plane dimensions (cayity, Waperture) and is relatively invariant to the
thickness dimensions (Acavity, Ablocking). (For typical matching layers/structures, it is the
thickness that is the critical parameter.) This allows the matching structure with the blocking
plate to have a lower thickness and thus in this embodiment a lower profile than other
matching layers across a wide frequency range. The matching structure with the blocking

plate can be manufactured with conventional manufacturing techniques and to typical
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tolerances, again in contrast to other more conventional matching layers/structures. It is
unintuitive that adding a blocking plate can improve acoustic output, given that a large
fraction of the propagation area of the transducing element is blocked by the plate itself.
[00136] The advantages of the acoustic structure including the blocking plate relative to the

alternative matching structures detailed above are described below.
[00137] 1. Conventional matching layers are typically close to % (where A4 denotes the

primary wavelength required of the acoustic transducer) thick, whereas the novel acoustic
structure including the blocking plate described here can achieve improve transmission
efficiency with a thinner structure. In addition, conventional impedance matching layers
require complex manufacturing processes to produce the low acoustic impedance materials,
whereas the novel acoustic structure described herein can be manufactured using
conventional processes e.g. machining, injection molding, etching. Furthermore, low acoustic
impedance materials typically lack robustness, whereas the required structure to implement
this invention can be fabricated out of more rigid and robust engineering materials such as
aluminum.

[00138] 2. The blocking plate can achieve performance improvements with a thinner
structure than a plate with a regular array of sub-wavelength holes as described in Toda,
particularly at low ultrasonic frequencies.

[00139] 3. In the case of the thin film matching layer described in Toda, performance
depends strongly on dimensions parallel to the propagation direction. This may be limiting at
high frequencies (3> 80 kHz), where the spacing of the thin film from the transducing
element requires tight tolerances that are not reasonably achievable. However, the blocking
plate and supporting structure can be manufactured with typical industry tolerances in at least
machining and etching. Moreover, thin polymer films lack robustness, whereas the blocking
plate with its supporting structure can be fabricated out of a single piece of a more rigid and
robust engineering materials such as aluminum.

[00140] 4. The acoustic structure described can achieve the same or greater performance
improvements with a thinner structure than an acoustic horn, particularly at low ultrasonic
frequencies.

[00141] 5. Helmholtz resonators are limited by the requirement that the dimensions of the
resonator must be substantially smaller than the wavelength at the operating frequency. This

requires a substantially sub-wavelength transducing element, which limits the power output
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and constrains what transducing elements can be used with this matching concept. The
supporting structure and blocking plate that forms the cavity in this embodiment are not
required to be substantially sub-wavelength in diameter so can accommodate larger
transducing elements. One of the differences between the foregoing design and a Helmholtz
resonator is that this design drives an acoustic resonance that does not have spatially uniform
pressure (in the case of this invention it must harbor a chosen acoustic mode that has
substantially non-uniform acoustic pressure with radial pressure variation) which then has an
opening/pipe at the far end. This has been in previous sections shown to be generalizable to
any structure with a non-uniform pressure (pipe, sphere, horn, etc.). This encompasses any
enclosed volume with a mode structure and an opening.

[00142] III. SUMMARY OF EXAMPLE EMBODIMENTS OF THE INVENTION

[00143] One embodiment of the invention is an acoustic matching structure comprising a
cavity which, in use, contains a fluid, the cavity having a substantially planar shape. The
cavity is defined by two end walls bounding the substantially planar dimension and a side
wall bounding the cavity and substantially perpendicular to the end walls, with the cavity
having an area Acainy given by the average cross-sectional area in the planar dimension in the
cavity between the end walls. The side wall of the cavity may be circular or may have
another shape in which case the effective side wall radius 7camin defined as: reaviy = (Acavity
/m)”. At least one aperture is placed in at least one of the end walls and side walls; wherein
the cavity height /scaiy is defined as the average separation of the end walls, and 7eaviny and
heaviry, satisfy the inequality: Feaviy 1S greater than Acaviry,. In operation, a transducing element
acting on one of the cavity end walls generates acoustic oscillations in the fluid in the cavity;
and, in use, the acoustic oscillations in the fluid in the cavity cause pressure waves to
propagate into a surrounding acoustic medium.

[00144] A further embodiment of the invention is an acoustic matching layer comprising: a
cavity which, in operation, contains a fluid, the cavity having a substantially planar shape
with two end walls bounding the substantially planar dimension and an area Acain given by
the average cross-sectional area in the planar dimension of the cavity between the end walls.
One of the end walls may be formed by a transducing element and another may be formed by
a blocking plate. The cavity has an effective side wall radius 7cavip defined as: reaviy = (Acaviy
/m)”* and the cavity height /.miy is defined as the average separation of the end walls. In

operation, the cavity supports a resonant frequency of acoustic oscillation in the fluid,
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wherein the frequency determines a wavelength defined by A = ;, where c is the speed of

sound in the fluid, wherein Acaiy is substantially less than half a wavelength wherein rcamiy is
substantially equal to or greater than half a wavelength, and at least one aperture is placed in
at least one of the end walls and side walls, at least one acoustic transducing element is
located on at least one of the end walls and side walls. The resulting acoustic cavity
constrains the acoustic medium in the cavity to induce a resonant mode that substantially
improves the transfer of acoustic energy from the transducing element to the medium outside
the aperture.

[00145] A further embodiment of the invention is an acoustic matching layer comprising: a
cavity which, in operation, contains a fluid, the cavity having a substantially tubular shape,
two end walls bounding the ends of the tubular dimension, wherein a centerline is defined as
a line within the cavity which connects the geometric center of one end wall to the geometric
center of the other end wall and traverses the cavity in such a way that it maximizes its
distance from the nearest boundary excluding the end walls at each point along its length, an
area Acaviy given by the average cross-sectional area of the cavity between the end walls
where the cross-sections are taken with a normal along the centerline, wherein the cavity has
an effective side wall radius rcavin defined as: reaviny = (Acaviry /)", Wherein the cavity height
heaviny 1s defined as the length of the centerline, wherein, in operation, the cavity supports a
resonant frequency of acoustic oscillation in the fluid wherein the frequency determines a

wavelength defined by A = % , where c is the speed of sound in the fluid wherein 7caviy is

substantially less than half a wavelength, wherein Acairy 1 substantially equal to or greater
than half a wavelength. At least one aperture is placed in at least one of the end walls and
side walls and at least one acoustic transducing element is located on at least one of the end
walls and side walls. The resulting acoustic cavity constrains the acoustic medium in the
cavity to induce a resonant mode that substantially improves the transfer of acoustic energy
from the transducing element to the medium outside the aperture.

[00146] A further embodiment of the invention is an acoustic matching layer comprising: a
blocking plate present in the path of acoustic energy transfer into the bulk medium; wherein,
in operation, the presence of the blocking plate excites an acoustic mode; wherein at least one

axis has a dimension that is substantially less than half a wavelength at the resonant
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frequency in the cavity, and; wherein at least one axis has a dimension that is substantially
equal to or greater than half a wavelength at the resonant frequency in the cavity.

[00147] In any of the above embodiments, the transducing element may be an actuator which
causes oscillatory motion of one or both end walls in a direction substantially perpendicular
to the planes of the end walls.

[00148] Embodiments below relate to longitudinal and other (not-radial) cavity modes.
[00149] One embodiment is acoustic matching structure comprising: a cavity which, in
operation, contains a fluid, the cavity having a substantially tubular shape, two end walls
bounding the ends of the tubular dimension, wherein a centerline is defined as a line within
the cavity which connects the geometric center of one end wall to the geometric center of the
other end wall and traverses the cavity in such a way that it maximizes its distance from the
nearest boundary excluding the end walls at each point along its length.

[00150] The cavity area Acaviny given by the average cross-sectional area of the cavity between
the end walls where the cross-sections are taken with a normal along the centerline, wherein
the cavity has an effective side wall radius 7caiy defined as: Feaminy = (Acaviyy /T)"*; wherein the
cavity height Acairy is defined as the length of the centerline, wherein, in operation, the cavity
supports a resonant frequency of acoustic oscillation in the fluid; wherein the frequency

determines a wavelength defined by 1 = % , where c is the speed of sound in the fluid, reavin

is substantially less than half a wavelength, /.y is substantially equal to or greater than half
a wavelength. At least one aperture is placed in at least one of the end walls and side walls,
and at least one acoustic transducing element is located on at least one of the end walls and
side walls. The resulting acoustic cavity constrains the acoustic medium in the cavity to
induce a resonant mode that substantially improves the transfer of acoustic energy from the
transducing element to the medium outside the aperture.

[00151] A further embodiment is an acoustic matching structure comprising: a blocking plate
present in the path of acoustic energy transfer into the bulk medium; wherein, in operation,
the presence of the blocking plate excites an acoustic mode; wherein at least one axis has a
dimension that is substantially less than half a wavelength at the resonant frequency in the
cavity, and; wherein at least one axis has a dimension that is substantially equal to or greater

than half a wavelength at the resonant frequency in the cavity.
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[00152] IV. ADDITIONAL DISCLOSURE

1.

An acoustic matching structure for a transducer, the structure comprising:

a cavity which, in use, contains a fluid, the cavity having a substantially planar shape;
two end walls bounding the substantially planar shape of the cavity

a side wall bounding the cavity and substantially perpendicular to the end walls;

the structure defining an area A.aviy given by the average cross-sectional area in the
planar dimension in the cavity between the end walls

wherein the cavity has an effective side wall radius 7cainy defined as:

Feaviy = (Acaviy /™), and

at least one aperture placed in at least one of the end walls and side walls;

wherein the cavity height A.ai s defined as the average separation of the end walls;
wherein reaviry and Acavigy, satisfy the inequality:

Feavity 18 greater than Aeaviyy;

wherein, in operation, a transducing element acting on one of the cavity end walls
generates acoustic oscillations in the fluid in the cavity;

and whereby, in use, the acoustic oscillations in the fluid in the cavity cause pressure

waves to propagate into a surrounding acoustic medium.

An acoustic matching structure according to clause 1,
wherein, in operation, the cavity supports a resonant frequency of acoustic oscillation
in the fluid, wherein: the resonant frequency determines a wavelength defined by A =

;, where c is the speed of sound in the fluid; where Acain 1s substantially less than half

of said wavelength and

where reaviry 18 substantially equal to or greater than half of said wavelength;

at least one aperture is placed in at least one of the end walls and side walls; and

at least one acoustic transducing element is located on at least one of the end walls
and side walls;

such that the resulting acoustic cavity constrains the acoustic medium in the cavity to
induce a resonant mode that substantially improves the transfer of acoustic energy

from the transducing element to the medium outside the aperture.
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10.

An acoustic matching structure according to clause 1 or 2, wherein the transducer
contains an actuator that causes oscillatory motion of at least one of the end walls in a

direction substantially perpendicular to the planes of the end walls.

An acoustic matching structure according any of the above clauses wherein at least
one aperture is located in an end wall within a distance less than 7cawis/2 from the side

wall.

An acoustic matching structure according to any of the above clauses wherein the
shape is one of: circular, elliptical, square, polygonal shape, with an aspect ratio of

less than 2.

An acoustic matching structure according to any of the above clauses wherein the sum
of the areas of the aperture(s), Aapermre, and Acaviry satisfy the inequality:

Acavity [Aapernire 18 greater than 2, and preferably wherein Acavisy /Aaperure 1S greater than
5.

An acoustic matching structure according to any of the above clauses wherein 7cavis

heaviry 18 greater than 5.

An acoustic matching structure according to any of the above clauses wherein the
fluid contained in the cavity is air and the speed of sound is between 300m/s and
400m/s.

An acoustic matching structure according to any of the above clauses wherein

Peavin [T caviry s greater than 10 meters.
An acoustic matching structure according to any of the above clauses, wherein, in use,

lowest resonant frequency of radial pressure oscillations in the cavity is in the range

200Hz — 2MHz, and preferably in the range 20kHz — 200kHz.
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11.

12.

13

14.

15.

16.

17.

18.

An acoustic transducer comprising an acoustic matching structure according to any of
the above clauses, and an actuator, wherein, in use, the frequency of oscillatory
motion of the actuator is within 30% of the lowest resonant frequency of radial

acoustic oscillations in the cavity.

An acoustic transducer according to clause 11, wherein the end wall motion of the

actuator is mode-shape matched to the pressure oscillation in the cavity.

. An acoustic transducer according to clause 11 or 12, wherein the actuator causes

motion of an end-wall with a displacement profile approximating a Bessel function.

An acoustic transducer according to any of clause 11 to 13, wherein, in use, the
acoustic pressure oscillations in the cavity have a pressure antinode located within a

distance of reamin/4 of the centre of the cavity.

An acoustic transducer according to any of clauses 11 to 14, wherein aperture(s) in
the cavity wall connect, in use, the internal cavity volume to a surrounding acoustic

medium.

An acoustic transducer according to any of clauses 11 to 15, wherein the aperture(s)
are located in an end wall formed by a blocking plate supported at its edge and spaced
away from the transducing element by the side wall and located between the cavity

and a surrounding acoustic medium.
An acoustic transducer according to any of clauses 11 to 16, wherein the actuator is
located between the cavity and a surrounding acoustic medium and the aperture(s) are

located in an end wall formed by one face of the actuator.

An acoustic transducer according to any of clauses 11 to 17, wherein the displacement

of the actuator follows a bending shape when actuated.
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19.

20.

21.

22.

23.

24,

25.

26.

27.

An acoustic transducer according to any of clauses 11 to 18, wherein motion of edge

of the actuator is constrained by the actuator support.

An acoustic transducer according to any of clauses 11 to 19, wherein motion of the

center of the actuator is unconstrained.

An acoustic transducer according to any of clauses 11 to 20, wherein the transducing
element is one of: a piezoelectric actuator, an electromagnetic actuator, an
electrostatic actuator, a magnetostrictive actuator, a thermoacoustic transducing

element.

An acoustic transducer according to any of clauses 11 to 21, wherein motion of the

actuator support is constrained by a blocking plate.

An acoustic transducer according to clause 22 further comprising a thin film matching

structure positioned between the transducing element and the blocking plate.

An acoustic transducer according to clause 22 or 23 further comprising a thin film
matching structure positioned between the blocking plate and the external acoustic

medium.

An acoustic transducer according to clause 22, further comprising a perforated plate
matching structure containing apertures of approximately A/4 height positioned

between the transducing element and the blocking plate.
An acoustic according to clause 22 further comprising a perforated plate matching
structure containing apertures of approximately A/4 height positioned between the

blocking plate and the external acoustic medium.

An array of acoustic matching structures or transducers according to any of the above

clauses.
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[00153] V. CONCLUSION

[00154] While the foregoing descriptions disclose specific values, any other specific values
may be used to achieve similar results. Further, the various features of the foregoing
embodiments may be selected and combined to produce numerous variations of improved
haptic systems.

[00155] In the foregoing specification, specific embodiments have been described. However,
one of ordinary skill in the art appreciates that various modifications and changes can be
made without departing from the scope of the invention as set forth in the claims below.
Accordingly, the specification and figures are to be regarded in an illustrative rather than a
restrictive sense, and all such modifications are intended to be included within the scope of
present teachings.

[00156] Moreover, in this document, relational terms such as first and second, top and
bottom, and the like may be used solely to distinguish one entity or action from another entity
or action without necessarily requiring or implying any actual such relationship or order

2 <

between such entities or actions. The terms “comprises,” “comprising,” “has”, “having,”

ERINNAY
>

2« M

>

“includes”, “including,” “contains”, “containing” or any other variation thereof, are intended
to cover a non-exclusive inclusion, such that a process, method, article, or apparatus that
comprises, has, includes, contains a list of elements does not include only those elements but
may include other elements not expressly listed or inherent to such process, method, article,
or apparatus. An element proceeded by “comprises ...a”, “has ...a”, “includes ...a”,
“contains ...a” does not, without more constraints, preclude the existence of additional
identical elements in the process, method, article, or apparatus that comprises, has, includes,
contains the element. The terms “a” and “an” are defined as one or more unless explicitly
stated otherwise herein. The terms “substantially”, “essentially”, “approximately”, “about”
or any other version thereof, are defined as being close to as understood by one of ordinary
skill in the art. The term “coupled” as used herein is defined as connected, although not
necessarily directly and not necessarily mechanically. A device or structure that is
“configured” in a certain way is configured in at least that way but may also be configured in
ways that are not listed.

[00157] The Abstract of the Disclosure is provided to allow the reader to quickly ascertain
the nature of the technical disclosure. It is submitted with the understanding that it will not

be used to interpret or limit the scope or meaning of the claims. In addition, in the foregoing
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Detailed Description, it can be seen that various features are grouped together in various
embodiments for the purpose of streamlining the disclosure. This method of disclosure is not
to be interpreted as reflecting an intention that the claimed embodiments require more
features than are expressly recited in each claim. Rather, as the following claims reflect,
inventive subject matter lies in less than all features of a single disclosed embodiment. Thus,
the following claims are hereby incorporated into the Detailed Description, with each claim

standing on its own as a separately claimed subject matter.
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