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SYSTEMS AND METHODS FOR CONTROLLING HIGHLY NONLINEAR ACOUSTIC
WAVES OR PULSES

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to U.S. Provisional Application No. 61/308,797,

filed on February 26, 2010, which is incorporated herein by reference in its entirety.

FIELD
[0002] The present disclosure relates to focusing acoustic waves or pulses. Moreover, it relates

to systems and methods for controlling highly nonlinear acoustic waves or pulses.

BACKGROUND

[0003] A model typically used to represent simplest forms of granular systems consisted of a one
dimensional chain of spherical beacis regulated by Hertzian contact interaction potentials.
However, a general wave dynamic theory supporting compact solitary waves was derived for
structured homogeneous materials showing a highly nonlinear force (F) - displacement ()
response dictated by the intrinsically nonlinear potential of interaction between its fundamental

components. This general nonlinear spring-type contact relation can be expressed as:

F=45", (1)

where 7 is a nonlinear exponent of the contact interaction (n > 1) of a fundamental component
and 4 is parameter for the material. For Hertzian systems, such as those consisting of a chain of

spherical beads, the n exponent of interaction is equal to 1.5.

[0004] Within the present disclosure, “granular matter” is defined as an aggregate of “particles”
in elastic contact with each other, preferably in linear or network shaped arrangements. In
addition to the nonlinear contact interaction and the particle’s geometry, another unique feature
of the granular state is provided by a so-called zero tensile strength, which introduces additional
nonlinearity (asymmetric potential) to the overall response. Cohsequently, in the absence of

static pre-compression on the system, the linear range becomes negligible in the interaction of
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forces between neighboring particles, thus leading to materials with a characteristic sound speed
| equal to zero in its uncompressed state (¢g=0), known as a “sonic vacuum”. This highly nonlinear
wave theory supports, in particular, a new type of compact highly tunable solitary waves that
have been experimentally and numerically observed in several works for the case of one-

dimensional Hertzian granular systems.

SUMMARY

[0005] According to a first aspect, a system for controlling and/or redirecting acoustic waves or
pulses is described, the syétem comprising: a two-dimensional or three-dimensional array of
rows of actuators, each row comprising a plurality of independently tuned highly nonlinear
actuators, the actuators being made of different materials such that a first row of the array of
actuators is made of a first material and at least a second row of the array of actuators is made of

a second material different from the first material.

[0006] According a second aspect, a system for controlling and/or redirecting acoustic waves or -
pulses is described, the system comprising: a two-dimensional or three-dimensional array of
rows of actuators, each row comprising a plurality of independently tuned highly nonlinear
actuators; and a plurality of regulator screws, cach regulator screw associated with a first end of a
respective row of actuators, the plurality of regulator screws configured to controllably pre-
compress each respective row of actuators to which the regulator screws are connected with,
such that a first row of the actuators is pre-compressed to a compression different from the

compression of at least one other row of the actuators.

[0007] According to a third aspect, a system for controlling and/or redirecting acoustic waves or
pulses is described, the system comprising: a two-dimensional or three-dimensional array of
rows of actuators, each row comprising a plurality of independently tuned highly nonlinear
actuators; and a plurality of hinged levers, each hinged lever connected with a first end of a

respective row of actuators.
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[0008] According to a fourth aspect, a system for controlling and/or redirecting acoustic waves
or pulses is described, the system comprising: a two-dimensional or three-dimensional array of
rows of actuators, each row comprising a plurality of independently tuned highly nonlinear
actuators; and a plurality of micro- or nano-positioning devices, each micro- or nano-positioning

device connected with a first end of a respective row of actuators.

[0009] According to a fifth aspect, a method of controlling and/or redirecting acoustic waves or
pulses is described, the method comprising: providing a two-dimensional or three-dimensional
array of rows of actuators, each row comprising a plurality of independently tuned highly
nonlinear actuators; providing a plurality of regulator screws, each regulator screw associated
with a first end of a respective row of actuators; and pre-compressing each row of the actuators
such that a first row of the actuators is pre-compressed to a compression different from at least
one other row of the actuators, the pre-compressing being performed by screwing in or screwing
out the plurality of the regulator screws, wherein differences in compression of each of the rows

of actuators control and/or redirect the acoustic waves or pulses.

[0010] According to a sixth aspect, a method of controlling and/or redirecting acoustic waves or
pulses is described, the method comprising: providing a two-dimensional or three-dimensional
array of rows of actuators, each row comprising a plurality of independently tuned highly
nonlinear actuators; providing a plurality of hinged levers, each hinged lever connected with a
first end of a respective row of actuators; and pre-compressing each row of the actuators such
that a first row of the actuators is pre-compressed with the hinged lever to a compression
different from at least one other row of the actuators, wherein differences in compression of each

of the rows of actuators control and/or redirect the acoustic waves ot pulses.

[0011] According to a seventh aspect, a method of controlling and/or redirecting acoustic waves
or pulses, the method comprising: providing the system according to the fourth aspect; and pre-
compressing each row of the actuators with the piezoelectric devices, applying compressive

forces controlled by a mator controller, such that the first row of the actuators is pre-compressed
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to a compression different from at least one other row of the actuators, wherein differences in

compression of each of the rows of actuators control and/or redirect the acoustic waves or pulses.

[0012] According to an eighth aspect, a method of controlling and/or redirection acoustic waves
or pulses, the method comprising: providing a two-dimensional or three-dimensional array of
rows of actuators, each row comprising a plurality of independently tuned highly nonlinear
actuators; and providing acoustic waves or pulses to a first end of the rows of the actuators, the
‘input acoustic waves or pulses propagating to a first row of the actuators at a different time from
the acoustic waves or pulses propagating to at least one other row of the actuators, thereby
controlling and/or redirecting the acoustic waves or pulses exiting from a second end of the rows

of the actuators.

BRIEF DESCRIPTION OF DRAWINGS

[0013] The accompanying drawings, which are incorporated into and constitute a part of this
specification, illustrate one or more embodiments of the present disclosure and, together with the
description of example embodiments, serve to explain the principles and implementations of the

disclosure.

FIG. 1 shows a one-dimensional schematic diagram of a chain of actuators and its highly

nonlinear solitary waveform.

FIG. 2 shows an exemplary two-dimensional system for controlling and/or redirecting acoustic

waves or pulses.

FIGS. 3A-3C show schematic diagrams of various views of the exemplary two-dimensional
system for controlling and/or redirecting acoustic waves or pulses, wherein plates and screws are

used to contain actuators in the system.

FIGS. 4A-4B show schematic diagrams of actuators welded and molded together.

4
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FIG. 5 shows an arrangement of a three-dimensional array of actuators in a polymer matrix.

FIG. 6 shows an exemplary two- or three-dimensional system for controlling and/or redirecting

acoustic waves or pulses wherein the actuators comprises different materials.

FIG. 7 shows an exemplary two- or three-dimensional system for controlling and/or redirecting

acoustic waves or pulses wherein hinged levers are used to apply a pre-compression.

FIG. 8A shows an exemplary two- or three-dimensional system for controlling and/or redirecting
acoustic waves or pulses wherein micro- or nano-positioning devices and/or piezoelectric

devices are used to apply the pre-compression.

FIG. 8B shows a cross-sectional view of a row of actuators with a micro- or nano-positioning

device coupled with a piezoelectric devices.

FIGS. 8C-8D show an exemplary micro- or nano-positioning device and a piezoelectric devices,

respectively.

FIG. 9A shows an exemplary two- or three-dimensional system for controlling and/or redirecting

acoustic waves or pulses, wherein regulator screws are used to apply the pre-compression.

FIG. 9B shows a close-up cross-sectional view of a row of actuators with a regulator screw to

apply the pre-compression.

FIG. 10 shows an exemplary two- or three-dimensional system for controlling and/or redirecting
acoustic waves or pulses, wherein dynamic force field is used to change the timing of the impact

wave.
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FIG. 11 shows a block diagram of an exemplary system for controlling and/or redirecting

acoustic waves or pulses, wherein a combination of one or more techniques can be applied.

FIG. 12 shows a schematic diagram of a system for controlling and/or redirecting acoustic waves

or pulses, wherein the actuators protrude from the system.

FIG. 13 shows a schematic diagram of a system for controlling and/or redirecting acoustic waves

or pulses, wherein the actuators are recessed within the system.

APPENDICES
Appendix A, Appendix B, and Appendix C are enclosed herewith and form an integral part of

the specification of the present applicatioh.

DETAILED DESCRIPTION
[0014] A broad variety of applications can potentially benefit from development of systems and

methods to perform accurate acoustic wave control, channeling and redirection. By way of
example and not of limitation, such systems can be used in marine detection/communication,
nondestructive testing and structural health monitoring, seismic sensing and microscopy and
medical surgery (reference [2]). The methods used to focus/defocus and redirect sound include,

but are not limited to geometrical focusing, constructive phase lags and inverse methods [3-9).

[0015] One known applications based on acoustic wave control is acoustic imaging/visualization
as described in reference [2]. The most common technique used to "visualize" sound is in a way
that may be analogous to that used by an optical camera. That is, by focusing scattered sound
energy on an acoustic receptor, Another way, as in the case of sonar, is based on pulse-echo
method, in which an acoustic beam or a spherical wave is excited and backward scattered waves
encountering objects lying in the path of the beam can be investigated. Acoustic tools, especiglly

based on ultrasonic frequencies, have found broad applications in medical diagnosis and surgery.
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Ultrasound applications in medical surgery fall into two principal classes, diagnostic imaging

and therapy, which differ in power, intensity, and duration of ultrasound (reference [10]).

[0016] Acoustic devices operating in the ultrasound regimé may be employed both as detection
and surgical devices. In the first case, the intensity of the emitted acoustic signals is low and
reflections from soft tissue are reconstructed to obtain an image of the target of interest
(reference [11]). In the second case, acoustic energy is employed to induce mechanical
deformations of the tissue via thermal expansion in order to stimulate or accelerate normal
physiological response to injury. High-intensity excitation, moreover, may be used to selectively
destruct malign tissue by means of hyperthermia as described in reference [12]. It has long been
known that, high-intensity focused ultrasound waves can kill tissue via coagulative necrosis. A
simple way to generate high acoustic intensity is to use a single-element, geometrically induced
transducer. Due to its small and fixed focal point, however, a mechanical scanning system was
used in reference [3]. Electronic scanning phased arrays as described in references [4]-[5] are an
attractive alternative, due to their fast scanning speed. In order to effectively control energy
focusing, such systems have a large overall aperture and array theory requires that the spacing of
' array elements must be less than half a wavelength to avoid grating lobes (reference [6]). Also,

by limiting beam steering to small angles, large numbers of transducer elements are applied in

practical use.

[0017] By way of the pseudo-inverse, or field conjugation method as developed by Ebbini in
reference [7], it is possible to design a phased array focusing without the help of electronic
control or mechanical scanning. In this method, the designed acoustic focus is divided into a set
of point foci of specified amplitude controlled by ‘arrays of multiple transducer elements. Phased
arrays are capable of modifying the shape and location of focal points. The same devices, in

addition, can reduce or increase the focal volumes by combining multiple energy foci.

[0018) One example uses a field conjugate lens made of a plurality of elements through the

device thickness to alter the field shape of a single transducer as described in references [8][9].

7
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Phased array configurations provide tremendous flexibility in controlling the location and size of

acoustic focal points and the arrays are composed of a large number of small elements.

[0019] The present disclosure describes arrays of highly nonlinear actuators for focusing,
defocusing, redirecting and beam forming of acoustic waves. The present disclosure further
describes methods to modify the wave shape and to generate tunable phase shifts in the actuators,
thereby controlling the acoustic wave propagation. In addition, the high nonlinearity of the
granular chains (actuators) composing the array allows for creation of high-intensity, compact
acoustic pulses composed by only two fundamental harmonics as described in references

[13][14].

[0020] Systems based on the selected spatial arrangements of granular particles for directional
signal transmission or reception are inspired by beam-forming methods that are used for
engineering and biomedical applications, as well as telecommunications and astronomy as in
references [15][16). In addition, the embodiments of the present disclosure describe intrinsic
tunability of actuators for focal-point control and acoustic-beam positioning. Such tunability of
the focal point can be achieved without need for spatial rearrangement of the arrays. By way of

example and not of limitation, the following methods can be used to obtain the tunable focal

point:

1) varying the mechanical properties of the particles in each chain in a controlled manner to
achieve a desired velocity distribution in each chain

2) varying the non-uniform static pre-compression applied to the system

3) varying the impact velocity imparted by a mechanical striker on each individual chain

4) varying the size and/or shape (e.g., spherical, elliptical, conical) of the granular particles to

change the velocity of the propagating wave or pulse

[0021] FIG. 1 is a one-dimensional schematic diagram of a chain of actuators (100). The chain

of actuators can be aligned in a straight line, for example, in a cylindrical guide. When an
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acoustic impact wave is introduced at first end (110), for example, by a striker, a highly
nonlinear solitary wave with 2 finite wavelength is formed and propagated from the first end
(110) to the second end (120). Regardless of the type or amplitude of the acoustic impact wave,
the wave ultimately develops into a known sinusoidal shape with a defined profile and compact
width (130). The one-dimensional array in the present disclosure is defined to be a single chain
or row of actuators. The term “actuator” in the present disclosure intends to refer to any
nonlinear material, capable of propagating the highly nonlinear acoustic wave. Examples of
actuators can include, but are not limited to, granular particles and granular matter of various
sizes and shapes. The term “first end” is defined as the side of the chain of actuators (or a system
comprising chains of actuators) where the acoustic wave is introduced (e.g., inputted), and the
term “second end” is defined as the side where the acoustic wave exits from the chain of

actuators (or a system comprising chains of actuators).

[0022] A uniqueness of the dynamic response of the acoustic waves is derived from double
nonlinearlity: a highly nonlinear response in the contact interaction dynamics between the
fundamental components (particles) and a zero tensile strength resulting in a negligible
characteristic sound propagation (zero sound speed or sonic vacuum) in materials. An interesting
property found in these systems appear when a matetial is under pre-compression (reference
[18]), at an interface between two different granular systems (references [21]{24]) or at an
interface of granular media and solid matter (reference [20]) and in heterogeneous periodic
structures (references [14]{22]). A generai wave equation for highly nonlinear systems can be
derived from a general nonlinear contact interaction law (n # 1) between particles (reference
[14]):
u, =uu, +Gu Tl Hu e e A @)

where 1 is a rescaled time, u is a displacement, and » is the nonlinear exponent from equation
(1). Explicit expressions parameters I, H, G can be found in references [14]{22]. The novelty and
generality of the highly nonlinear wave equation is provided by also including linear and weakly

nonlinear wave equations, and encompassing known limits (e.g., uniform chains). A closed form
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solution of equation (2) can also be obtained. In case of granular systems with no pre-

compression, or weak pre-compression, a solution from direct integration is of the form:

2

U, =v= Bcos"-‘_‘(ﬂf), 3

where & corresponds to a rescaled strain in the system, scales.with mass ratio of the particles, n
is the exponent in equation (1), and B is a parameter dependent on the wave speed (Vs) and
materials properties. If an initial pre-strain & is approaches 0, the solitary hump in the waveform
can be one hump of the periodic solution in equation (3) with a finite wavelength equal to only

five particle diameters in the uniform case, and equal to 7/ for heterogeneous periodic systems.

[0023] This solution demonstrates that in a highly nonlinear medium, two harmonics contribute
to a stationary mode of propagation of the periodic signal. In analogy with the KdV solutions as
described in reference [23], the highly nonlinear solitary waves are supersonic, thus their phase
velocity is larger than the initial sound velocity (co) in the nonlinear medium, particularly in the

case of an uncompressed system (e.g., c¢=0).

[0024] A unique feature of this waveform is the independence of the width with respect to the
amplitude. Specifically, the spatial size of the wave is constant regardless of the amplitude or the
speed of the wave. Such property is used as information carriers in signal transformation devices,

allowing for confining dynamic excitations in crystals in quantized discrete stationary waves.

[0025] The speed of solitary wave Vs derived from discretization of particles in & statically pre-

compressed chain as a nonlinear function of the maximum dynamic force, is expressed as

follows (reference [18]):

TG , 4
V,=0.9314[a2:3E(1f‘:/2)2J (fry:_l){%[3+2fﬁ-5ﬁ%]}2’ (4)
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where E is the Young’s modulus, a is the particle’s diameter and v is the Poisson ratio, p is the
density, o is the static pre-compression added to the system, and f= Fi/Fy and Fyy, is the
maximum contact force between particles in a discrete chain, By changing the mechanical and/or
the geometrical properties of the high nonlinear medium supporting the formation of highly
nonlinear solitary waves, the shape and the speed of the traveling pulse can be tuned.
Accordingly, the solitary waves in the highly nonlinear media can belengineered for specific

applications as described, for example in references [1]{17]{19].

[0026] FIG. 2A shows an overview of an exemplary two-dimensional acoustic lens system (200)
comprising an array (210) of actuators. The array of actuators (210) shown comprise a chain of
stainless steel actuators (210) arranged in 21 rows of substantially straight lines in a rigid casing
(200). Each row comprises 21 actuators and each row is separated by metal shim stocks (250)
extending from a first end (270) of the actuators to a second end (280) of the actuators. The first
end (270), as described in the present disclosure is intended to be a side of the system that is
configured to receive acoustic impact wave, and the second end (280) is the side where the

acoustic wave exits the system.

[0027] The metal shim stocks provide physical support for the chain of actuators to ensure
desired alignment (e.g., straight line) such tha;t when rotated, turned, and/or compressed, the
actuators remain in place. Furthermore, the shims are made of material that is substantially softer
than the actuators and are coated with non-stick material (e.g., TEFLON®) to minimize the
effect of the acoustic waves being absorbed by the shim stocks. The second end (280) of each
row of actuators can be configured to be covered with a plate (300), which can be held in place
using a plurality of screws (310) as shown in FIG. 3A-3C to prevent the actuators from falling

out, Screw holes (260) for the screws (310) are shown on the second end (280) of the system.

[0028] An impact wave is inputted to the actuators from the first end (270), causing the wave to
propagate through the actuators, and ultimately exiting the actuators from the second end (280)

of the system. The plates (300) comprise an opening (320) (e.g, slit, slot or hole) such that a
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target medium can be placed in direct contact with the actuators. The thickness (330) of the
plates (300) can affect the ability for the propagating wave to pass through the plates (300). For
example, if the thickness of the plates (300) is too large, then the acoustic waves can be absorbed
and/or reflected by the plates, thus reducing the magnitude of the waves that actually pass
through the openings (320) of the plates (300). However, if the plates (300) are too thin, then the
actuators can break through the plates (300) if pressure is applied to the actuators. Although the
plates (300) in the present disclosure show four screws and four screw holes per plate, more or

less screws can be used to hold the plates (300) in place.

[0029] FIGS. 4A and 4B show schematic cross sectional views of techniques to assemble the
two- or three-dimensional array of rows of actuators. According to a first technique, shown in
FIG. 4A, the rows (410) are assembled with spot welded two-dimensional layers of packed
grains, where the welded spots are indicated as (420). By spot welding the actuators, additional
use of polymers for physical support can be avoided, which can be potential sources of acoustic
wave dissipation. According to a second technique, shown in FIG. 4B, the rows are assembled

molding each layer (430) separately.

[0030] FIG. 5 is an alternative arrangement of the array of actuators shown by a detailed
example of a three-dimensional array of actuators embedded in a soft polymer matrix. By way of
example and not of limitation, the actuators (540) shown are approximately 1 mm in diameter.
However, those skilled in the art \;vould understand that actuators of other sizes can instead be
used. A choice of soft matrix with low friction enables the acoustic information to travel

preferentially through the stiffer chains and provides structural support for the actuators.

[0031] FIG. 6 shows an embodiment of a system for controlling and/or redirecting acoustic
waves or pulses according to the present disclosure, where a two- or three-dimensional array
(610) of rows is shown in cross section. In accordance with such embodiment, control and/or
redirection (620) of acoustic waves is achieved by providing the array (610) with particles

assembled from different materials, where a first row (630) of the array of actuators is made of a
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first material and at least one second row (640, 650) of the array of actuators is made of a second
material different from the first material. By way of example, the inset of FIG. 6 shows an
enlargement of the last three rows (630, 640, 650), made of PTFE (630), glass (640) and steel
(650), respectively. Although only PTFE, glass and steel are shown, any solid material from a
periodic table can be used, Other examples include rubber, brass, bronze, ceramic materials, and

any other metals or alloys thereof.

[0032] The system of FIG. 6 is subject to a uniform dynamic force acoustic impact wave (660).
Control and/or redirection (620) of the force (660) is achieved through the different properties of
the various materials adopted. For example, a material such as steel (650) has a higher Young’s
modulus than that of glass (640). Thus, the acoustic wave propagates through the steel at a higher
velocity than through the glass. By selectively choosing the material of the actuators, the acoustic
wave exiting from the second end (680) of the acoustic lens system (610) can be redirected such
that the output waves from each row converges (thereby focusing) at a particular point (670).
Thus, the concentrated, focused acoustic wave will be referred to as a ‘sound bullet’ herein in the
present disclosure. The resolution of the sound bullet at the focal point (670) can be improved by
selecting the material of the actuators where the Young's modulus varies gradually from one row
to the next row. Thus, a gradual change in the Young’s modulus can provide a sound bullet of a

higher resolution.

[0033] In a further embodiment, static pre-compression of the actuators can be applied to change
the velocity of the propagating waves for controlling and/or redirecting the acoustic waves.
Particularly, each row of the actuators can be controllably pre-compressed to a pressure such that
a first row of the actuators is pre-compressed to a compression different from the compression of
at least one other row of actuator, whereby the greater the pre-compression of the actuators, the
stiffer the material and/or row of actuators. Young’s modulus can be used to measure such
stiffness and by precisely pre-compressing each row, the acoustic wave can be redirected to

converge at a focal point. For example, pre-compressing the outer rows with a greater pressure
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and pre-compressing the inner rows with a lesser pressure can create a focal point, resulting in

sound bullet.

[0034] In another embodiment, some or all of the array of actuators can be replaced with
materials having magnetic properties, such as ferromagnetic granular actuators. A magnetic field
can be applied around the ferromagnetic array of actuators, thus exerting a force around the array

of actuators. Such force can create pre-compressive pressures on the array of actuators.

[0035] In an alternative embodiment, each row of the array of actuators can be placed, for
example, in an individual row of separate airtight chambers, and the airtight chamber can be
placed under a vacuum. In such configuration, a difference in pressure between each of the
actuators and the airtight vacuum chamber contributes to pre-compressive forces applied to the

array of the actuators.

[0036] FIG. 7 shows an embodiment of the system for controlling and/or redirecting acoustic
waves where hinged levers (710, 720, 730) are provided, hinged to the first end of each row of

actuators to apply the pre-compressive pressure to each respective row of the actuators.

[0037] FIGS. 8A-8D show yet another embodiment of the system for controlling and/or
redirecting acoustic waves according to the disclosure, where micro- or nano-positioning devices
(810) are provided, each of them connected with a first end (820) of a respective row of actuators
(840). The -micro- or nano-positioning devices (810) can be motor controlled such that when
adjusted, creates a pre-compressive pressure against the respective row of actuators (840).
Additionally, the motor can be can be controlled dynamically by, for example, a computer that

can precisely adjust the motor to change to the pre-compressive pressure as desired.

[0038] The micro- or nano-positioning devices (810) can be further coupled with static
piezoelectric devices (830) connected to each respective row of the actuators (840). Each of the

piezoelectric devices (830) can be connected to a voltage source so that a voltage can be applied
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to the piezoelectric devices (830), thereby causing the micro- or nano-positioning devices (810)
to expand, thus applying a pre-compressive pressure to the respective row of the actuators (340)

to which it is connected.

[0039] FIGS. 9A-9B show yet another embodiment of the present disclosure where a plurality of
regulator screws (900) are provided at the first end (910) of the acoustic lens system (920). By
way of example and not of limitation, the acoustic lens system (920) can have screw holes (960)
at the first end (910) of each row of the actuators (940) such that regulator screws (900) can be
 inserted into each of the screw holes (960) and configured such that the regulator screws (900)
can apply pre-compressive pressure to each respective row of actuators (940) as the regulator
screws (900) are screwed in. The regulator screws (900) can have a hole in the éenter of the
screw (970) to insert a device such as a striker (930), to create the impact wave, which

propagates through each of the respective rows of actuators (940).

[0040] Similarly to the plates (300) shown in FIGS. 3A-3C on the second end (280) of the
system, the plates can also be mounted on the first end (270) of the acoustic lens system. In the
case where the plates are mounted on the first end (270) of the acoustic lens system, the plates
and the screws can be configured as regulator plates and regulator screws such that as the
regulator screws are screwed in, the regulator plates apply a pre-compressive pressure to cach

respective row of the actuators.

[0041] FIG. 10 shows yet another embodiment where theltiming of the impact wave (1000) to
the first end (1050) of the two- or three-dimensional acoustic lens system (1070) is changed
instead of changing the velocity of the wave propagation through the actuators (1080). The
impact wave (1000) applied to a first row (1010) of the actuators (1080) is applied at a different
time than when the impact wave (1000) is applied to a second row (1020) of the actuators
(1080). By varying the timing of the impact waves (1000), for example, such that impact waves
(1000) to the outer rows are applied first and the impact waves (1000) to the inners rows are

applied, gradually later, the acoustic waves propagating through the actuators (1080) will arrive

15
SUBSTITUTE SHEET (RULE 26)



WO 2011/106736 PCT/US2011/026371

at the second end (1040) at times respective to when they arrived at the first end (1050), thus

converging at a focal point (1060), and creating a sound bullet.

[0042] Although each embodiment of the present disclosure was described as separate
embodiments, any combination of the above methods can be used perform a control and/or
redirection of the acoustic waves with further precision as shown in FIG. 11. For example, an
exemplary acoustic lens system (1120) can have actuators made of different material, further
comprising motor controlled nano-positioners (1100) and piezoelectric devices (1110) applying -

pre-compression.

[0043] FIGS. 12-13 show the acoustic lens system (1210) configured to propagate the sound
bullet to a host medium (1200) (e.g., water, air, solid). In FIG. 12, the first end (1220) of the row
of the actuators protrude from the container or the matrix such that when an impact wave is
applied to the first end (1220), the actuators will absorb a significant portion of the impact wave.
However, the system in FIG. 13 shows the first end (1220) of the row of actuators to be recessed
within the container or the matrix. In such case, an extension element (1230) is connected with

the first end (1220) to ensure the impact wave is fully absorbed by the actuators instead of being

absorbed by the matrix.

[0044] The examples set forth above are provided to give those of ordinary skill in the art a
complete disclosure and description of the acoustic lens system and methods to control and/or
redirect acoustic waves or pulses in the present disclosure, and are not intended to limit the scope
of what the inventors regard as their disclosure. Modifications of the above-described modes for
carrying out the disclosure may be used by persons of skill in the art, and are intended to be
within the scope of the following claims. All patents and publications mentioned in the
specification may be indicative of the levels of skill of those skilled in the art to which the
disclosure pertains. All references cited in this disclosure are incorporated by reference to the

same extent as if each reference had been incorporated by reference in its entirety individually.
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[0045] It is to be understood that the disclosure is not limited to particular methods or systems,
which can, of course, vary. It is also to be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is not intended to be limiting. As used in
this specification and the appended claims, the singular forms "a," "an," and "the" include plural
referents unless the content clearly dictates otherwise. The term “plurality” includes two or more
referents unless the content clearly dictates otherwise. Unless defined otherwise, all technical and
scientific terms used herein have the same meaning as commonly understood by one of ordinary

skill in the art to which the disclosure pertains. -

[0046] A number of embodiments of the disclosure have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and scope

of the present disclosure. Accordingly, other embodiments are within the scope of the following

claims.
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CLAIMS

1. A system for controlling and/or redirecting acoustic waves or pulses, the system comprising:

a two-dimensional or three-dimensional array of rows of actuators, each row comprising
a plurality of independently tuned highly nonlinear actuators, the actuators being made of
different materials such that a first row of the array of actuators is made of a first material and at
least a second row of the array of actuators is made of a second material different from the first

material.

2. The system of claim 1, wherein each row of actuators comprises highly nonlinear actuators,

the highly nonlinear actuators being granular particles arranged in a chained configuration.

3. The system of claim 2, wherein the granular particles are selected from the group consisting

of: spherical granular particles, elliptical granular particles, and conical granular particles.

4. The system of any one of claims 1-3, wherein the first and secor‘ld materials are selected from

the group consisting of: rubber, PTFE, glass, brass, bronze, ceramic materials, steel and alloys.

5. The system of any one of claims 1-4, wherein the two-dimensional or three-dimensional array
of rows comprises inner row regions of the array and outer row regions of the array, the materials
for the outer row regions of the array made of heavier material than the material for inner row

. regions.

6. The system of any one of claims 1-4, wherein the two-dimensional or three-dimensional array
of rows comprises inner row regions of the array and outer row regions of the array, the materials
for the outer row regions of the array made of stiffer material than the material for inner row

regions, the stiffness of the material being determined by Young’s modulus of stiffness.

7. The system of any one of claims 1-4, wherein the two-dimensional or three-dimensional array

of rows comprises inner row regions of the array and outer row regions of the array, the materials
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for the inner row regions of the array made of heavier material than the material for outer row

regions.

8. The system of any one of claims 1-4, wherein the two-dimensional or three-dimensional array
of rows comprises inner row regions of the array and outer row regions of the array, the materials
for the inner row regions of the array made of stiffer material than the material for outer row

regions, the stiffness of the material being determined by Young’s modulus of stiffness.

9. The system of any one of claims 1-8, wherein a Young’s modulus of stiffness of a first row of

the actuators and an adjacent row of the actuators is gradual.

10. A system for controlling and/or redirecting acoustic waves or pulses, the system comprising:
a two-dimensional or three-dimensional array of rows of actuators, each row comprising
a plurality of independently tuned highly nonlinear actuators; and
a plurality of regulator screws, each regulator screw associated with a first end of a
respective row of actuators, the plurality of regulator screws configured to controllably pre-
compress cach respective row of actuators to which the regulator screws are connected with,
such that a first row of the actuators is pre-compressed to a compression different from the

compression of at least one other row of the actuators.

11. A system for controlling and/or redirecting acoustic waves or pulses, the system comprising:
a two-dimensional or three-dimensional array of rows of actuators, each row comprising
a plurality of independently tuned highly nonlinear actuators; and

a plurality of hinged levers, each hinged lever connected with a first end of a respective

row of actuators.

12. The system of claim 11, wherein the plurality of hinged levers are configured to controllably
pre-compress each respective row of actuators to which the hinged levers are connected, such
that a first row of the actuators is pre-compressed to a compression different from the

compression of at least one other row of the actuators.
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13. A system for controlling and/or redirecting acoustic waves or pulses, the system comprising;
a two-dimensional or three-dimensional array of rows of actuators, each row comprising
a plurality of independently tuned highly nonlinear actuators; and
a plurality of micro- or nano-positioning devices, each micro- or nano-positioning device

connected with a first end of a respective row of actuators.

14, The system of claim 13, wherein the plurality of micro- or nano-positioning devices are
configured to controllably pre-compress each respective row of actuators to which the micro- or
nano-positioning devices are connected, such that a first row of the actuators is pre-compressed

to a compression different from the compression of at least one other row of the actuators.

15. The system of any one of claims 13 or 14, further comprising a plurality of piezoelectric

devices, each piezoelectric device coupled with a respective micro- or nano-positioning device.

16. The system of any one of claims 13-15, wherein the micro- or nano-positioning devices are

motor controlled.

17. The system of claim 16, wherein the motor controlled micro- or nano-positioning devices are

controlled by a computer programmed to control the motor.

18. A system for controlling and/or redirecting acoustic waves or pulses, the system comprising:
a two-dimensional or three-dimensional array of rows of actuators, each row comprising
a plurality of independently tuned highly nonlinear actuators; and

a plurality of piezoelectric devices, each piezoelectric device connected with a first end of

a respective row of actuators.

19. The system of any one of claims 1-18, wherein' the acoustic waves or pulses are a single

acoustic wave or pulse and/or trains of acoustic waves or pulses.
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20. The system of any one of claims 1-19, wherein the highly nonlinear actuators are

ferromagnetic granular particles.

21. The system of any one of claims 1-20, wherein each row of the highly nonlinear actuators are

arranged in a vacuum chamber.

22. The system of any one of claims 1-21, wherein the highly nonlinear actuators are arranged in
a matrix, the matrix being a polymer material with a Young’s modulus smaller than the Young's

modulus of the actuators.

23. The system of any one of claims 1-20, wherein the array of the rows of highly nonlinear
actuators is separated from adjacent rows with a plurality of shim stocks coated with non-stick

material.

24. The system of any one of claims 1-23, wherein the highly nonlinear actuators at a first end of
each row protrude from the system such that the protrusion of the highly nonlinear actuators is

configured to absorb the acoustic waves or pulses.

25. The system of any one of claims 1-23, wherein the highly nonlinear actuators at a first end of
cach row are recessed from the system, further comprising an extension element connected with
the recessed highly nonlinear actuators such that the extension clement absorbs the acoustic

waves or pulses such that the acoustic waves or pulses propagate from the extension element to

the highly nonlinear actuators.

26. The system of any one of claims 1-25, further comprising a plurality of plates connected to a
first end of the array of rows of actuators, the plurality of the plates adapted to contain the highly
nonlinear actuators, wherein a thickness of the plurality of the plates is adapted to enable the

acoustic waves or pulses to propagate through the plurality of the plates.

27. A method of controlling and/or redirecting acoustic waves or pulses, the method comprising;
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providing a two-dimensional or three-dimensional array of rows of actuators, each row
comprising a plurality of independently tuned highly nonlinear actuators;

providing a plurality of regulator screws, each regulator screw associated with a first end
of a respective row of actuators; and

pre-compressing each row of the actuators such that a first row of the actuators is pre-
éompressed to a compression different from at least one other row of the actuators, the pre-
compressing being performed by screwing in or. screwing out the plurality of the regulator
screws, wherein differences in compression of each of the rows of actuators control and/or

redirect the acoustic waves or pulses.

28. A method of controlling and/or redirecting acoustic waves or pulses, the method comprising:

providing a two-dimensional or three-dimensional array of rows of actuators, each row
comprising a plurality of independently tuned highly nonlinear actuators;

providing a plurality of hinged levers, each hinged lever connected with a first end of a
respective row of actuators; and

pre-compressing each row of the actuators such that a first row of the actuators is pre-
compressed with the hinged lever to a compression different from at least one other row of the
actuators, wherein differences in compression of each of the rows of actuators control and/or

redirect the acoustic waves or pulses.

29. A method of controlling and/or redirecting acoustic waves or pulses, the method comprising:
providing the system according to claim 15; and
pre-compressing each row of the actuators with the piezoelectric devices, applying
compressive forces controlled by a motor controller, such that the first row of the actuators is
pre-compressed to a compression different from at least one other row of the actuators, wherein

differences in compression of each of the rows of actuators control and/or redirect the acoustic

waves or pulses.

30. A method of controlling and/or redirection acoustic waves or pulses, the method comprising:
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providing a two-dimensional or three-dimensional array of rows of actuators, each row
comprising a plurality of independently tuned highly nonlinear actuators; and

providing acoustic waves or pulses to a first end of the rows of the actuators, the input
acoustic waves or pulses propagating to a first row of the actuators at a different time from the
acoustic waves or pulses propagating to at least one other row of the actuators, thereby
controlling and/or redirecting the acoustic waves or pulses exiting from a second end of the rows

of the actuators.

31. The method of claim 30, wherein differences in the time of the acoustic waves or pulses
propagating to the rows of actuators forms a convex waveform, thereby focusing the acoustic

waves and/or pulses exiting from the second end of the rows of the actuators.
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