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Description

[0001] This invention pertains to acoustic imaging
methods, acoustic imaging apparatuses, and more par-
ticularly to methods and apparatuses for elevation focus
control for acoustic waves employing an adjustable fluid
lens.
[0002] Acoustic waves (including, specifically, ultra-
sound) are useful in many scientific or technical fields,
such as medical diagnosis, non-destructive control of
mechanical parts and underwater imaging, etc. Acoustic
waves allow diagnoses and controls which are comple-
mentary to optical observations, because acoustic waves
can travel in media that are not transparent to electro-
magnetic waves.
[0003] WO 2005/122139 A2 discloses an acoustic de-
vice comprising a single acoustic transducer element
coupled to a plurality of variably-refracting acoustic lens
elements.
[0004] Acoustic imaging equipment includes both
equipment employing traditional one-dimensional ("1D")
acoustic transducer arrays, and equipment employing
fully sampled two-dimensional ("2D") acoustic transduc-
er arrays employing microbeamforming technology.
[0005] In equipment employing a 1D acoustic trans-
ducer array, the acoustic transducer elements are often
arranged in a manner to optimize focusing within a single
plane. This allows for focusing of the transmitted and
received acoustic pressure wave in both axial (i.e. direc-
tion of propagation) and lateral dimensions (i.e. along the
direction of the 1D array).
[0006] Several technological solutions to this problem
have been proposed including increased element count
(1.5D arrays, 2D arrays) or adjustable lens material (rhe-
ological delay structures) but each has been less than
universally accepted. Increasing the element count can
only be successful if each element is individually ad-
dressable - increasing the cost of the associated elec-
tronics enormously. Adjustable delays such as a rheo-
logical material have less than optimal solution because
of the added need to adjust the delay separately above
each element - also adding complexity.
[0007] Meanwhile, one of the key enabling aspects to
allow the manufacturing of fully sampled 2D acoustic
transducer arrays is microbeamforming technology. This
solution involves the use of electronic delay and sum
circuitry in the form of application specific integrated cir-
cuits (ASICs) mounted immediately on the acoustic
transducer array. These ASICS are tied to many ele-
ments in order to adjust the time delay and sum of
"patched" or grouped elements. This effectively allows
many elements to be reduced logically to a single, ad-
justable focus element, thereby reducing the number of
cables necessary to return from the acoustic transducer
to the driving and receive electronics, while maintaining
the high element count necessary to meet a λ/2 criteria
to minimize grating lobes. This technology has been suc-
cessfully deployed in commercial acoustic transducers,

but adds the complexity and costs of additional electron-
ics and interconnects.
[0008] Accordingly, it would be desirable to provide an
acoustic imaging device which provides the functionality
of a 2D microbeamformer array, but which requires less
electronics, fewer elements and potentially could be
much cheaper to deploy. It would be particularly desirable
to provide such an acoustic imaging device with a large
active transducer aperture, where a fully sampled (ele-
ments < half a wavelength) transducer would be cost
prohibitive.
[0009] In one aspect of the invention, an acoustic im-
aging apparatus comprises: an acoustic probe, including,
an acoustic transducer, and a plurality of variably-refract-
ing acoustic lens elements coupled to the acoustic trans-
ducer, each variably-refracting acoustic lens element
having at least a pair of electrodes adapted to adjust at
least one characteristic of the variably-refracting acoustic
lens element in response to a selected voltage applied
across the electrodes thereof; an acoustic signal proc-
essor coupled to the acoustic transducer: a variable volt-
age supply adapted to apply selected voltages to the pair
of electrodes of each variably-refracting acoustic lens;
and a controller adapted to control the variable voltage
supply to apply the selected voltages to the pairs of elec-
trodes.
[0010] In yet another aspect of the invention, an acous-
tic probe comprises: an acoustic transducer; and a plu-
rality of variably-refracting acoustic lens elements cou-
pled to the acoustic transducer, each variably-refracting
acoustic lens element having at least a pair of electrodes
adapted to adjust at least one characteristic of the vari-
ably-refracting acoustic lens element in response to a
selected voltage applied across the electrodes.
[0011] In still another aspect of the invention, a method
of performing a measurement using acoustic waves com-
prises: (1) applying an acoustic probe to a patient; (2)
controlling a plurality of variably-refracting acoustic lens
elements of the acoustic probe to focus in a desired el-
evation focus; (3) receiving from the variably-refracting
acoustic lens elements, at an acoustic transducer, an
acoustic wave back coming from a target area corre-
sponding to the desired elevation focus; and (4) output-
ting from the acoustic transducer an electrical signal cor-
responding to the received acoustic wave.

FIGs. 1A-B show one embodiment of an acoustic
probe including a plurality of variably-refracting
acoustic lenses each coupled to a corresponding
acoustic transducer.
FIGs. 2A-C illustrate some possible arrangements
of variably-refracting acoustic lens arrays.
FIG. 3 shows one embodiment of an acoustic probe
including a space-filling variably-refracting acoustic
lens array coupled to an acoustic transducer having
a single transducer element, or coupled to an acous-
tic transducer having a plurality of transducer ele-
ments which number fewer than the number of lens-
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es.
FIG. 4 shows a block diagram of an embodiment of
an acoustic imaging apparatus.
FIG. 5 shows a flowchart of one embodiment of a
method of controlling an acoustic imaging appara-
tus.

[0012] The present invention will now be described
more fully hereinafter with reference to the accompany-
ing drawings, in which preferred embodiments of the in-
vention are shown. This invention may, however, be em-
bodied in different forms and should not be construed as
limited to the embodiments set forth herein. Rather, these
embodiments are provided as teaching examples of the
invention.
[0013] Variable-focus fluid lens technology is a solu-
tion originally invented for the express purpose of allow-
ing light to be focused through alterations in the physical
boundaries of a fluid filled cavity with specific refractive
indices (see Patent Cooperation Treat (PCT) Publication
WO2003/069380). A process known as electro-wetting,
wherein the fluid within the cavity is moved by the appli-
cation of a voltage across conductive electrodes, accom-
plishes the movement of the surface of the fluid. This
change in surface topology allows light to be refracted in
such a way as to alter the travel path, thereby focusing
the light.
[0014] Meanwhile, ultrasound propagates in a fluid
medium. In fact the human body is often referred to as a
fluid incapable of supporting high frequency acoustic
waves other than compressional waves. In this sense,
the waves are sensitive to distortion by differences in
acoustic speed of propagation in bulk tissue, but also by
abrupt changes in speed of sound at interfaces. This
property is exploited in embodiments of an acoustic
probe and an acoustic imaging apparatus as disclosed
below. In the discussion to follow, description is made of
an acoustic imaging apparatus and an acoustic probe
including a variably-refracting acoustic lens. In the con-
text of the term "variably-refracting acoustic lens" as used
in this application, the word "lens" is defined broadly to
mean a device for directing or focusing radiation other
than light (possibly in addition to light), particularly acous-
tic radiation, for example ultrasound radiation. While a
variably-refracting acoustic lens may focus an acoustic
wave, no such focusing is implied by the use of the word
"lens" in this context. In general, a variably-refracting
acoustic lens as used herein is adapted to refract an
acoustic wave, which may deflect and/or focus the acous-
tic wave.
[0015] FIGs. 1A-B show one embodiment of an acous-
tic probe 100 comprising an array of variably-refracting
acoustic lens elements 10 each coupled to a correspond-
ing one of a plurality of acoustic transducer elements 20
of an acoustic transducer 15. Variably-refracting acoustic
lens elements 10 are each adapted to adjust at least one
acoustic signal processing characteristic thereof in re-
sponse to at least one selected voltage applied thereto.

For example, beneficially each variably-refracting acous-
tic lens element 10 includes the ability to vary the focus
of an acoustic wave along the axis of propagation ("fo-
cus"), and/or perpendicular to this axis ("deflection"), as
described in greater detail below. Each variably-refract-
ing acoustic lens element 10 includes a housing 110, a
coupling element 120, first and second fluid media 141
and 142, first electrode 150, and at least one second
electrode 160a. Housing 110 may be of cylindrical shape,
for example. Beneficially, the top end and bottom end of
housing 110 are substantially acoustically transparent,
while the acoustic waves do not penetrate through the
side wall(s) of housing 110. A corresponding acoustic
transducer element 20 is coupled to the bottom of hous-
ing 110, beneficially by one or more acoustic matching
layers 130. The need for the acoustic matching layer is
driven primarily by the choice of acoustic transducer ma-
terial and may not be necessary in some implementa-
tions, as is the case with piezoelectric micromachined
ultrasound transducers (PMUTs) or capacitive microma-
chined ultrasound transducers (CMUTs).
[0016] Acoustic transducer elements 20 may comprise
a 1D array or even a 2D array.
[0017] Beneficially, as explained in greater detail be-
low, the combination of variably-refracting acoustic lens
elements 10 coupled to acoustic transducer elements 20
can emulate a microbeamforming 2D acoustic transduc-
er array. In that case, each acoustic transducer element
20 replaces many (e.g., 16) acoustic transducer ele-
ments in a traditional microbeamforming 2D acoustic
transducer array. For example, the operation of an
acoustic probe having a traditional microbeamforming
2D array of 64x64= 4096 elements, may be replaced by
the acoustic probe 100 having only 256 acoustic trans-
ducer elements 20, and 256 variably-refracting acoustic
lens elements 10. Because the element size is larger
than a fully sampled array, the appearance of grating
lobes would normally be a technical challenge. However,
with the introduction of the lens in front of each large
element, the same steering capabilities of a smaller ele-
ment array can be accomplished. Beneficially, acoustic
probe 100 requires less electronics, fewer elements and
potentially could be much cheaper to deploy than an
acoustic probe employing a traditional microbeamform-
ing 2D acoustic transducer array.
[0018] In one embodiment, acoustic probe 100 is
adapted to operate in both a transmitting mode and a
receiving mode. In that case, in the transmitting mode
each acoustic transducer element 20 converts electrical
signals input thereto into acoustic waves which it outputs.
In the receiving mode, each acoustic transducer element
20 converts acoustic waves which it receives into elec-
trical signals which it outputs. Acoustic transducer ele-
ment 20 is of a type well known in the art of acoustic
waves.
[0019] In an alternative embodiment, acoustic probe
100 may instead be adapted to operate in a receive-only
mode. In that case, a transmitting transducer is provided

3 4 



EP 2 147 428 B1

4

5

10

15

20

25

30

35

40

45

50

55

separately.
[0020] In yet another embodiment, the acoustic probe
100 may instead be utilized in a transmit only mode. Such
a mode would be useful for therapeutic applications
where ultrasound is intended to interact with tissue or the
insonified object to deliver a therapy.
[0021] Beneficially, coupling element 120 is provided
at one end of housing 110. Coupling element 120 is de-
signed for developing a contact area when pressed
against a body, such as a human body. Beneficially, cou-
pling element 120 comprises a flexible sealed pocket
filled with a coupling solid substance such as a Mylar film
(i.e., an acoustic window) or plastic membrane with sub-
stantially equal acoustic impedance to the body.
[0022] Housing 110 encloses a sealed cavity having a
volume V in which are provided first and second fluid
media 141 and 142. In one embodiment, for example the
volume V of the cavity within housing 110 is about 0.8
cm in diameter, and about 1 cm in height, i.e. along the
axis of housing 110.
[0023] Advantageously, the speeds of sound in first
and second fluid media 141 and 142 are different from
each other (i.e., acoustic waves propagate at a different
velocity in fluid medium 141 than they do in fluid medium
142). Also, first and second fluid medium 141 and 142
are not miscible with each another. Thus they always
remain as separate fluid phases in the cavity. The sep-
aration between the first and second fluid media 141 and
142 is a contact surface or meniscus which defines a
boundary between first and second fluid media 141 and
142, without any solid part. Also advantageously, one of
the two fluid media 141, 142 is electrically conducting,
and the other fluid medium is substantially non-electri-
cally conducting, or electrically insulating.
[0024] In one embodiment, first fluid medium 141 con-
sists primarily of water. For example, it may be a salt
solution, with ionic contents high enough to have an elec-
trically polar behavior, or to be electrically conductive. In
that case, first fluid medium 141 may contain potassium
and chloride ions, both with concentrations of 1 mol.l-1,
for example. Alternatively, it may be a mixture of water
and ethyl alcohol with a substantial conductance due to
the presence of ions such as sodium or potassium (for
example with concentrations of 0.1 mol.l-1). Second fluid
medium 142, for example, may comprise silicone oil that
is insensitive to electric fields. Beneficially, the speed of
sound in first fluid medium 141 may be 1480 m/s, while
the speed of sound in second fluid medium 142 may be
1050 m/s.
[0025] Beneficially, first electrode 150 is provided in
housing 110 so as to be in contact with the one of the
two fluid mediums 141, 142 that is electrically conducting,
In the example of FIGs. 1A-B, it is assumed the fluid
medium 141 is the electrically conducting fluid medium,
and fluid medium 142 is the substantially non-electrically
conducting fluid medium. However it should be under-
stood that fluid medium 141 could be the substantially
non-electrically conducting fluid medium, and fluid me-

dium 142 could be the electrically conducting fluid medi-
um. In that case, first electrode 150 would be arranged
to be in contact with fluid medium 142. Also in that case,
the concavity of the contact meniscus as shown in FIGs.
1A-B would be reversed.
[0026] Meanwhile, second electrode 160a is provided
along a lateral (side) wall of housing 110. Optionally, two
or more second electrodes 160a, 160b, etc., are provided
along a lateral (side) wall (or walls) of housing 110. Elec-
trodes 150 and 160a are connected to two outputs of a
variable voltage supply (not shown in FIGs. 1A-B).
[0027] Operationally, variably-refracting acoustic lens
elements 10 operate in conjunction with acoustic trans-
ducer elements 20 as follows. In the exemplary embod-
iment of FIG. 1A, when the voltage applied between elec-
trodes 150 and 160 by the variable voltage supply is zero,
then the contact surface between first and second fluid
media 141 and 142 is a meniscus M1. In a known manner,
the shape of the meniscus is determined by the surface
properties of the inner side of the lateral wall of the hous-
ing 110. Its shape is then approximately a portion of a
sphere, especially for the case of substantially equal den-
sities of both first and second fluid media 141 and 142.
Because the acoustic wave W has different propagation
velocities in first and second fluid media 141 and 142,
the volume V filled with first and second fluid media 141
and 142 acts as a convergent lens on the acoustic wave
W. Thus, the divergence of the acoustic wave W entering
probe 100 is reduced upon crossing the contact surface
between first and second fluid media 141 and 142. The
focal length of variably-refracting acoustic lens element
10 is the distance from the corresponding acoustic trans-
ducer element 20 to a source point of the acoustic wave,
such that the acoustic wave is made planar by the lens
variably-refracting acoustic lens element 10 before im-
pinging on acoustic transducer element 20.
[0028] When the voltage applied between electrodes
150 and 160 by the variable voltage supply is set to a
positive or negative value, the shape of the meniscus is
altered, due to the electrical field between electrodes 150
and 160. In particular, a force is applied on the part of
first fluid medium 141 adjacent the contact surface be-
tween first and second fluid media 141 and 142. Because
of the polar behavior of first fluid medium 141, it tends to
move closer to or further away to electrode 160, depend-
ing on the sign of the applied voltage, as well as on the
actual fluids that are used. Accordingly, the contact sur-
face between the first and second fluid media 141 and
142 changes as illustrated in the exemplary embodiment
of FIG. 1B. In FIG. 1B, M2 denotes the shape of the con-
tact surface when the voltage is set to a non-zero value.
Such electrically-controlled change in the form of the con-
tact surface is called electrowetting. In case first fluid me-
dium 141 is electrically conductive, the change in the
shape of the contact surface between first and second
fluid media 141 and 142 when voltage is applied is the
same as previously described. Because of the change
in the form of the contact surface, the focal length of var-
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iably-refracting acoustic lens element 10 is changed
when the voltage is non-zero.
[0029] As seen in FIG. 1B, each of the variably-refract-
ing acoustic lens elements 10 is individually controllable
by applying selected voltages to the electrodes 150, 160a
and 160b thereof. Thus, in the example of FIG. 1B, the
first two variably-refracting acoustic lens elements 10
shown in the left have a voltage applied to their electrodes
150, 160a and 160b so as to change the contact surface
to the shape M2, while the last variably-refracting acous-
tic lens element 10 shown to the far right in FIG. 1B has
zero volts applied thereto and the contact surface thereof
has the shape M1. Of course a wide variety of voltage
combinations may be applied to the electrodes 150, 160a
and 160b of the array of variably-refracting acoustic lens
elements 10 so as to produce an almost infinite combi-
nation of contact surface shapes (including shapes other
than M1 and M2) for the variably-refracting acoustic lens
elements 10. This provides tremendous flexibility in fo-
cusing an acoustic beam for acoustic probe 100.
[0030] Beneficially, in the example of FIGs. 1A-B, in a
case where fluid medium 141 consists primarily of water,
then at least the bottom wall of housing 110 is coated
with a hydrophilic coating 170. Of course in a different
example where fluid medium 142 consists primarily of
water, then instead the top wall of housing 110 may be
coated with a hydrophilic coating 170 instead.
[0031] Meanwhile, PCT Publication WO2004051323
provides a detailed description of tilting the meniscus of
a variably-refracting fluid lens.
[0032] Adjustment of variably-refracting acoustic lens
element 10 can be controlled by external electronics
(e.g., a variable voltage supply) that, for example, can
adjust the surface topology within 20 ms when variably-
refracting acoustic lens element 10 has a diameter of 3
mm, or as quickly as 100 microseconds when variably-
refracting acoustic lens 10 has a diameter of 100-mi-
crons. When acoustic probe 100 operates in both a trans-
mit mode and a receive mode, then variably-refracting
acoustic lens elements 10 will be adjusted to alter the
effective transmit and receive focusing. In a transmitting
mode, transducer 15 comprising transducer elements 20
will be able to send out short time (broad-band) signals
operated in M-mode, possibly short tone-bursts to allow
for pulse wave Doppler or other associated signals for
other imaging techniques. A typical application might be
to image a plane with a fixed focus adjusted to the region
on clinical interest. Another use might be to image a plane
with multiple foci, adjusting the focus to maximize energy
delivered to regions of axial focus. The ultrasonic signal
can be a time-domain resolved signal such as normal
echo, M-mode or PW Doppler or even a non-time domain
resolved signal such as CW Doppler
[0033] Beneficially, as explained in greater detail be-
low, the combination of variably-refracting acoustic lens
element 10 coupled to acoustic transducer 20 can re-
place a traditional 1D transducer array, with the added
benefits of real-time adjustment of the elevation focus to

make possible delivery of maximal energy at varying
depths with the desired elevation focusing.
[0034] Often, an acoustic probe requires a variably-
refracting acoustic lens having a medium scale (e.g.,
4-10 cm2) aperture, for example to provide a smaller focal
spot, and at the same time exhibiting a smoothly varying
time-delay, or phase, of the pressure field across the ap-
erture in order to avoid grating lobes. In that case, there
is a trade-off between the critical damping time (on the
order of a few ms for a lens on the order of a few mm)
and the size of the variably-refracting acoustic lens. Once
the variably-refracting acoustic lens becomes too large,
other effects such as gravity, inertia-related meniscus
deformation due to lens movement, and other adverse
properties begin to dominate. Current technology re-
quires a diameter less than about 10 mm in diameter to
achieve stability.
[0035] One approach to solve this problem is to group
a collection of smaller variably-refracting acoustic lens
elements together in such a way as to construct a larger
effective aperture. In order for this to work most effec-
tively, the larger aperture must appear to operate as a
smoothly varying single variably-refracting acoustic lens.
This requirement implies that the variably-refracting
acoustic lens array - comprising a plurality of smaller var-
iably-refracting acoustic lens elements - must be "space-
filling" or have close to 100 % packing.
[0036] FIGs. 2A-C illustrate some possible arrange-
ments of variably-refracting acoustic lens arrays.
[0037] FIG. 2C illustrates a variably-refracting acoustic
lens array having a non-space-filling arrangement, as
seen by the large amount of space between adjacent
variably-refracting acoustic lens elements.
[0038] In contrast, FIGs. 2A-B show two exemplary
embodiment of space-filling variably-refracting acoustic
lens arrays.
[0039] FIG. 2A shows a variably-refracting acoustic
lens 200a comprising a space-filling array of variably-
refracting acoustic lens elements 210a each having the
shape of a hexagon. This allows for full - or essentially
full - spatial packing of variably-refracting acoustic lens
elements 210a while simplifying the electronics and man-
ufacturing process, as each variably-refracting acoustic
lens element is identical to its neighbor.
[0040] FIG. 2B shows an alternative variably-refracting
acoustic lens 200b comprising an array of variably-re-
fracting acoustic lens elements 210b each having the
shape of a triangle. In the illustrated case of the use of
triangles, the advantage is a reduced count of lens ele-
ments 210b at the expense of making them all uniquely
shaped and positioned. However, the same geometry in
FIG. 2B instead can be covered with identically shaped
triangles at the expense of more lens elements.
[0041] In both FIGs. 2A-B, full spatial coverage is
achieved with the exception of the necessary space tak-
en by the controlling electrodes. This space can be min-
imized by the use of thin conductors and the likely ultra-
sonic interference may be minimized by the lack of sym-
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metry in the layout of these obstructive pieces (as shown
in FIG. 2B). The overall effect of these conductors is ex-
pected to be minimal. Other alternative space-filling pat-
terns can be constructed using lens elements having the
shapes of concentric rings, squares, and other, more ex-
otic patterns such as Penrose tiles.
[0042] FIG. 3 shows one embodiment of an acoustic
probe 300 including a space-filling variably-refracting
acoustic lens 30 coupled to an acoustic transducer 40.
Variably-refracting acoustic lens 30 comprises an array
of variably-refracting acoustic lens elements 10 and may
be configured, for example, as shown in FIG. 2A or FIG.
2B. Each variably-refracting acoustic lens element 10
may be constructed essentially the same as described
above with respect to FIG. 1, and so a detailed description
thereof is not repeated here. Acoustic transducer 40 can
be a single element transducer as illustrated in FIG. 3,
or alternatively could be a ID transducer array or a 2D
transducer array.
[0043] FIG. 3 illustrates the ability to apply a different
signal to the electrodes each variably-refracting acoustic
lens element 10 to construct an effectively-larger,
smoothly-varying variably-refracting acoustic lens 30.
However, the effectively-larger meniscus needs not to
be continuous. For example, there could be a vertical
displacement from compartment to compartment. This
is the same principle that is used for a Fresnel-lens. Ide-
ally the coupling fluid 142 has a similar impedance to the
layer in contact with a patient. When the surface reaches
the correct topology, then acoustic transducer 40 will be
excited, for example with either a short time imaging
pulse for time-resolved echo information in traditional ul-
trasound imaging, or a time-resolved tone burst to allow
for detection of motion along a line of site.
[0044] FIG. 4 is a block diagram of an embodiment of
an acoustic imaging apparatus 400 using an acoustic
probe including a variably-refracting acoustic lens cou-
pled to an acoustic transducer to provide real-time ele-
vation focus control. Acoustic imaging apparatus 400 in-
cludes processor/controller 410, transmit signal source
420, transmit/receive switch 430, acoustic probe 440, fil-
ter 450, gain/attenuator stage 460, acoustic signal
processing stage 470, elevation focus controller 480, and
variable voltage supply 490. Meanwhile, acoustic probe
440 includes a plurality of variably-refracting acoustic
lens elements 442 coupled to an acoustic transducer 444
comprising one or more transducer elements.
[0045] Acoustic probe 440 may be realized, for exam-
ple, as acoustic probe 100 as described above with re-
spect to FIG. 1, or acoustic probe 300 as illustrated in
FIG. 3. In that case, beneficially the two fluids 141, 142
of each variably-refracting acoustic lens element 442
have matching impedances, but differing speed of
sounds. This would allow for maximum forward propa-
gation of the acoustic wave, while allowing for control
over the direction of the beam. Beneficially, fluids 141,
142 have a speed of sound chosen to maximize flexibility
in the focusing and refraction of the acoustic wave.

[0046] Variable voltage supply 490 supplies controlling
voltages to electrodes of each variably-refracting acous-
tic lens element 442.
[0047] Beneficially, acoustic transducer 444 compris-
es a 1D array of acoustic transducer elements.
[0048] Operationally, acoustic imaging apparatus 400
operates as follows.
[0049] Elevation focus controller 480 controls voltages
applied to electrodes of variably-refracting acoustic lens
elements 442 by variable voltage supply 490. As ex-
plained above, this in turn controls a refraction of each
variably-refracting acoustic lens element 442 as desired.
In one embodiment, voltages are supplied to variably-
refracting acoustic lens elements 442 such that a plurality
of variably-refracting acoustic lens elements 442 operate
together as a single variably refracting acoustic lens hav-
ing an effective size greater than each one of the variably-
refracting acoustic lens elements 442 (e.g., see FIG. 3
described above).
[0050] When the surface of the meniscus defined by
the two fluids in variably-refracting acoustic lens ele-
ments 442 reach the correct topology, then proces-
sor/controller 410 controls transmit signal source 420 to
generate one or more desired electrical signals to be ap-
plied to acoustic transducer 444 to generate a desired
acoustic wave. In one case, transmit signal source 420
may be controlled to generate short time (broad-band)
signals operating in M-mode, possibly short tone-bursts
to allow for pulse wave Doppler or other associated sig-
nals for other imaging techniques. A typical use might be
to image a plane with a fixed elevation focus adjusted to
the region of clinical interest. Another use might be to
image a plane with multiple foci, adjusting the elevation
focus to maximize energy delivered to regions of axial
focus. The acoustic signal can be a time-domain resolved
signal such as normal echo, M-mode or PW Doppler or
even a non-time domain resolved signal such as CW
Doppler.
[0051] In the embodiment of FIG. 2, acoustic probe
440 is adapted to operate in both a transmitting mode
and a receiving mode. As explained above, in an alter-
native embodiment acoustic probe 440 may instead be
adapted to operate in a receive-only mode. In that case,
a transmitting transducer is provided separately, and
transmit/receive switch 430 may be omitted.
[0052] FIG. 5 shows a flowchart of one embodiment of
a method 500 of controlling the elevation focus of acous-
tic imaging apparatus 400 of FIG. 4.
[0053] In a first step 505, the acoustic probe 440 is
coupled to a patient.
[0054] Then, in a step 510, elevation focus controller
480 controls a voltage applied to electrodes of variably-
refracting acoustic lens elements 442 by variable voltage
supply 490 to focus at a target elevation. As explained
above, this in turn controls a refraction of each variably-
refracting acoustic lens element 442 as desired. In one
embodiment, voltages are supplied to variably-refracting
acoustic lens elements 442 such that a plurality of vari-
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ably-refracting acoustic lens elements 442 operate to-
gether as a single variably refracting acoustic lens having
an effective size greater than each one of the variably-
refracting acoustic lens elements 442 (e.g., see FIG. 3
described above).
[0055] Next, in a step 515, processor/controller 410
controls transmit signal source 420 and transmit/receive
switch 430 to apply one or more desired electrical signals
to acoustic transducer 444. Variably-refracting acoustic
lens elements 442 operate in conjunction with acoustic
transducer 444 to generate an acoustic wave and focus
the acoustic wave in a target area of the patient, including
the target elevation.
[0056] Subsequently, in a step 520, variably-refracting
acoustic lens elements 442 operate in conjunction with
acoustic transducer 444 to receive an acoustic wave
back from the target area of the patient. At this time, proc-
essor/controller 410 controls transmit/receive switch 430
to connect acoustic transducer 444 to filter 450 to output
an electrical signal(s) from acoustic transducer 444 to
filter 450.
[0057] Next, in a step 530, filter 450, gain/attenuator
stage 460, and acoustic signal processing stage 470 op-
erate together to condition the electrical signal from
acoustic transducer 444, and to produce therefrom re-
ceived acoustic data.
[0058] Then, in a step 540, the received acoustic data
is stored in memory (not shown) of acoustic signal
processing stage 470 of acoustic imaging apparatus 400.
[0059] Next, in a step 545, processor/controller 410
determines whether or not it to focus in another elevation
plane. If so, then the in a step 550, the new elevation
plane is selected, and process repeats at step 510. If not,
then in step 555 acoustic signal processing stage 470
processes the received acoustic data (perhaps in con-
junction with processor/controller 410) to produce and
output an image.
[0060] Finally, in a step 560, acoustic imaging appa-
ratus 400 outputs the image.
[0061] In general, the method 500 can be adapted to
make measurements where the acoustic wave is a time-
domain resolved signal such as normal echo, M-mode
or PW Doppler, or even a non-time domain resolved sig-
nal such as CW Doppler.
[0062] While preferred embodiments are disclosed
herein, many variations are possible which remain within
the concept and scope of the invention defined in the
appended claims. Such variations would become clear
to one of ordinary skill in the art after inspection of the
specification, drawings and claims herein.

Claims

1. An acoustic probe (100, 300), comprising:

an acoustic transducer (15, 444), comprising a
plurality of acoustic transducer elements (20 ar-

ranged coupled to a corresponding plurality of
variably-refracting acoustic lens elements (10,
210a, 210b, 442) , each variably-refracting
acoustic lens element (10, 210a, 210b, 442)
having at least a pair of electrodes (150, 160)
adapted to adjust at least one characteristic of
the variably-refracting acoustic lens element
(10, 210a, 210b, 442) in response to a selected
voltage applied across the electrodes (150,
160);
where the variably-refracting acoustic lens ele-
ments (10, 210a, 210b, 442) are controllable to
operate as a single variably refracting acoustic
lens (200a, 200b) having an effective size great-
er than each one of the variably-refracting
acoustic lens elements (10, 210a, 210b, 442) by
shaping individual meniscuses of the variably-
refracting acoustic lens elements (10, 210a,
210b, 442) to form a combined meniscus of the
single variably refracting acoustic lens (200a,
200b).

2. The acoustic probe (100, 300) of claim 1, wherein
the variably-refracting acoustic lens elements (10,
210a, 210b, 442) comprise a space-filling array,
where each of the variably-refracting acoustic lens
elements (10, 210a, 210b, 442) has a shape of a
hexagon, triangle, rectangle, square, polygon, or
smoothly-varying contour.

3. The acoustic probe (100, 300) of claim 1, wherein
the individual meniscuses are substantially continu-
ous with each other to form the combined meniscus.

4. The acoustic probe (100, 300) of claim 1, wherein
the individual meniscuses are substantially not con-
tinuous with each other to form the combined me-
niscus.

5. The acoustic probe (100, 300) of claim 1, wherein
edges of the individual meniscuses are displaced
with respect to each other to form the combined me-
niscus.

6. The acoustic probe (100, 300) of claim 1, wherein
each variably-refracting acoustic lens element (10,
210a, 210b, 442) comprises:

a cavity;
first and second fluid media (141, 142) disposed
within the cavity; and
the pair of electrodes (150, 160),
wherein a speed of sound of an acoustic wave
in the first fluid medium (141) is different than a
corresponding speed of sound of the acoustic
wave in the second fluid medium (141),
wherein the first and second fluid media (141,
142) are immiscible with respect to each other,
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and
wherein the first fluid medium (141) has a sub-
stantially different electrical conductivity than
the second fluid medium (142).

7. An acoustic imaging apparatus (400), comprising:

an acoustic probe (440, 100) according to claim
1,
an acoustic signal processor (470) coupled to
the acoustic transducer (15, 444);
a variable voltage supply (490) adapted to apply
selected voltages to the pair of electrodes (150,
160) of each variably-refracting acoustic lens el-
ement (10, 210a, 210b, 442); and
a controller (210) adapted to control the variable
voltage supply (290) to apply the selected volt-
ages to the pairs of electrodes (150, 160).

8. A method (500) of performing a measurement using
acoustic waves, the method comprising the acts of:

(1) applying an acoustic probe according to any
of claims 1, 3, 4 or 5 to a patient (505);
(2) controlling a plurality of variably-refracting
acoustic lens elements of the acoustic probe to
focus in a desired focus (510);
(3) receiving from the variably-refracting acous-
tic lens elements, at an acoustic transducer, an
acoustic wave back coming from a target area
corresponding to the desired focus (520); and
(4) outputting from the acoustic transducer an
electrical signal corresponding to the received
acoustic wave (530);
wherein the controlling act comprises controlling
the variably-refracting acoustic lens elements to
operate as a single variably refracting acoustic
lens having an effective size greater than each
one of the variably-refracting acoustic lens ele-
ments by shaping individual meniscuses of the
variably-refracting acoustic lens elements to
form a combined meniscus of the single variably
refracting acoustic lens.

Patentansprüche

1. Akustiksonde (100, 300), umfassend:

einen akustischen Wandler (15, 444) mit meh-
reren akustischen Wandlerelementen (20), die
mit einer entsprechenden Mehrzahl von variabel
brechenden, akustischen Linsenelementen (10,
210a, 210b, 442) gekoppelt angeordnet sind,
wobei jedes variabel brechende, akustische Lin-
senelement (10, 210a, 210b, 442) zumindest ein
Elektrodenpaar (150, 160) aufweist, das so ein-
gerichtet ist, dass es in Reaktion auf eine über

die Elektroden (150, 160) ausgewählte Span-
nung mindestens eine Charakteristik des varia-
bel brechenden, akustischen Linsenelements
(10, 210a, 210b, 442) einstellt;
wobei die variabel brechenden, akustischen Lin-
senelemente (10, 210a, 210b, 442) steuerbar
sind, um als eine einzelne variabel brechende,
akustische Linse (200a, 200b) zu arbeiten, die
eine effektive Größe aufweist, die größer als je-
des der variabel brechenden, akustischen Lin-
senelemte (10, 210a, 210b, 442) ist, indem ein-
zelne Menisken der variabel brechenden, akus-
tischen Linsenelemente (10, 210a, 210b, 442)
so geformt werden, dass sie einen kombinierten
Meniskus der einzelnen variabel brechenden,
akustischen Linse (200a, 200b) bilden.

2. Akustiksonde (100, 300) nach Anspruch 1, wobei die
variabel brechenden, akustischen Linsenelemente
(10, 210a, 210b, 442) ein raumfüllendes Array um-
fassen, wobei jedes der variabel brechenden, akus-
tischen Linsenelemente (10, 210a, 210b, 442) eine
Form eines Hexagons, Dreiecks, Rechtecks, Qua-
drats, Polygons oder eine gleichmäßig variierende
Kontur hat.

3. Akustiksonde (100, 300) nach Anspruch 1, wobei die
einzelnen Menisken im Wesentlichen miteinander
kontinuierlich sind, um den kombinierten Meniskus
zu bilden.

4. Akustiksonde (100, 300) nach Anspruch 1, wobei die
einzelnen Menisken im Wesentlichen nicht mitein-
ander kontinuierlich sind, um den kombinierten Me-
niskus zu bilden.

5. Akustiksonde (100, 300) nach Anspruch 1, wobei
Ränder der einzelnen Menisken gegeneinander ver-
schoben werden, um den kombinierten Meniskus zu
bilden.

6. Akustiksonde (100, 300) nach Anspruch 1, wobei
jedes variabel brechende, akustische Linsenele-
ment (10, 210a, 210b, 442) umfasst:

eine Kavität;
ein innerhalb der Kavität angeordnetes erstes
und zweites Fluidmedium (141, 142);

sowie
das Elektrodenpaar (150, 160),
wobei eine Schallgeschwindigkeit einer akustischen
Welle in dem ersten Fluidmedium (141) anders als
eine entsprechende Schallgeschwindigkeit der
akustischen Welle in dem zweiten Fluidmedium
(142) ist,
wobei das erste und zweite Fluidmedium (141, 142)
untereinander nicht mischbar sind, und
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wobei das erste Fluidmedium (141) eine wesentlich
andere elektrische Leitfähigkeit als das zweite Flu-
idmedium (142) hat.

7. Akustische Bildgebungsvorrichtung (400), umfas-
send:

eine Akustiksonde (440, 100) nach Anspruch 1,
einen akustischen Signalprozessor (470), der
mit dem akustischen Wandler (15, 444) gekop-
pelt ist;
eine variable Spannungsversorgung (490), die
so eingerichtet ist, dass sie ausgewählte Span-
nungen an das Elektrodenpaar (150, 160) jedes
variabel brechenden, akustischen Linsenele-
ments (10, 210a, 210b, 442) anlegt; sowie
eine Steuereinrichtung (210), die so eingerichtet
ist, dass sie die variable Spannungsversorgung
(290) so steuert, dass diese die ausgewählten
Spannungen an das Elektrodenpaar (150, 160)
anlegt.

8. Verfahren (500) zur Durchführung einer Messung
unter Verwendung akustischer Wellen, wobei das
Verfahren die folgenden Schritte umfasst, wonach:

(1) eine Akustiksonde nach einem der Ansprü-
che 1,3,4 oder 5 an einen Patienten angelegt
wird (505);
(2) eine Mehrzahl von variabel brechenden,
akustischen Linsenelementen der Akustikson-
de gesteuert wird, um in einem gewünschten
Fokus zu fokussieren (510);
(3) von den variabel brechenden, akustischen
Linsenelementen an einem akustischen Wand-
ler eine von einem Zielbereich entsprechend
dem gewünschten Fokus kommende akusti-
sche Welle zurückerhalten wird (520); und
(4) von dem akustischen Wandler ein elektri-
sches Signal entrsprechend der empfangenen
akustischen Welle ausgegeben wird (530);
wobei der Steuerschritt die Steuerung der vari-
abel brechenden, akustischen Linsenelemente
umfasst, um als eine einzelne variabel brechen-
de, akustische Linse zu arbeiten, die eine effek-
tive Größe aufweist, die größer als jedes der va-
riabel brechenden, akustischen Linsenelemte
ist, indem einzelne Menisken der variabel bre-
chenden, akustischen Linsenelemente so ge-
formt werden, dass sie einen kombinierten Me-
niskus der einzelnen variabel brechenden,
akustischen Linse bilden.

Revendications

1. Sonde acoustique (100, 300) comprenant :

un transducteur acoustique (15, 444) compre-
nant une pluralité d’éléments de transducteur
acoustique (20) couplée à une pluralité corres-
pondante d’éléments de lentille acoustique à ré-
fraction variable (10, 210a, 210b, 442), chaque
élément de lentille acoustique à réfraction va-
riable (10, 210a, 210b, 442) ayant au moins une
paire d’électrodes (150, 160) aptes à ajuster au
moins une caractéristique de l’élément de len-
tille acoustique à réfraction variable (10, 210a,
210b, 442) en réponse à une tension sélection-
née appliquée aux électrodes (150, 160) ;
dans laquelle les éléments de lentille acoustique
à réfraction variable (10, 210a, 210b, 442) peu-
vent être commandés pour fonctionner en tant
qu’une lentille acoustique à réfraction variable
unique (200a, 200b) ayant une taille efficace su-
périeure à celle de chacun des éléments de len-
tille acoustique à réfraction variable (10, 210a,
210b, 442) en formant des ménisques indivi-
duels des éléments de lentille acoustique à ré-
fraction variable (10, 210a, 210b, 442) pour
constituer un ménisque combiné de la lentille
acoustique à réfraction variable unique (200a,
200b).

2. Sonde acoustique (100, 300) selon la revendication
1, dans laquelle les éléments de lentille acoustique
à réfraction variable (10, 210a, 210b, 442) compren-
nent un réseau de remplissage d’espace, dans la-
quelle chacun des éléments de lentille acoustique à
réfraction variable (10, 210a, 210b, 442) a une forme
d’un hexagone, d’un triangle, d’un rectangle, d’un
carré, d’un polygone ou d’un contour à variation ré-
gulière.

3. Sonde acoustique (100, 300) selon la revendication
1, dans laquelle les ménisques individuels sont sen-
siblement dans la continuité l’un de l’autre pour cons-
tituer le ménisque combiné.

4. Sonde acoustique (100, 300) selon la revendication
1, dans laquelle les ménisques individuels ne sont
pas sensiblement dans la continuité l’un de l’autre
pour constituer le ménisque combiné.

5. Sonde acoustique (100, 300) selon la revendication
1, dans laquelle des bords des ménisques indivi-
duels sont déplacés l’un par rapport à l’autre pour
constituer le ménisque combiné.

6. Sonde acoustique (100, 300) selon la revendication
1, dans laquelle chaque élément de lentille acousti-
que à réfraction variable (10, 210a, 210b, 442)
comprend :

une cavité ;
des premier et deuxième milieux fluides (141,
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142) disposés à l’intérieur de la cavité ; et
la paire d’électrodes (150, 160),
dans laquelle une vitesse du son d’une onde
acoustique dans le premier milieu fluide (141)
est différente d’une vitesse du son correspon-
dante de l’onde acoustique dans le deuxième
milieu fluide (142),
dans laquelle les premier et deuxième milieux
fluides (141, 142) sont immiscibles l’un par rap-
port à l’autre, et
dans laquelle le premier milieu fluide (141) a une
conductivité électrique sensiblement différente
de celle du deuxième milieu fluide (142).

7. Appareil d’imagerie acoustique (400) comprenant :

une sonde acoustique (440, 100) selon la reven-
dication 1,
un processeur de signal acoustique (470) cou-
plé au transducteur acoustique (15, 444) ;
une alimentation de tension variable (490) apte
à appliquer des tensions sélectionnées à la paire
d’électrodes (150, 160) de chaque élément de
lentille acoustique à réfraction variable (10,
210a, 210b, 442) ; et
un organe de commande (210) apte à comman-
der l’alimentation de tension variable (290) pour
appliquer les tensions sélectionnées aux paires
d’électrodes (150, 160).

8. Procédé (500) pour effectuer une mesure en utilisant
des ondes acoustiques, le procédé comprenant les
actes de :

(1) l’application d’une sonde acoustique selon
l’une quelconque des revendications 1, 3, 4 ou
5 à un patient (505) ;
(2) la commande à une pluralité d’éléments de
lentille acoustique à réfraction variable de la
sonde acoustique de se focaliser à une focali-
sation souhaitée (510) ;
(3) la réception, à un transducteur acoustique,
en provenance des éléments de lentille acous-
tique à réfraction variable, d’une onde acousti-
que provenant d’une zone cible correspondant
à la focalisation souhaitée (520) ; et
(4) la sortie, du transducteur acoustique, d’un
signal électrique correspondant à l’onde acous-
tique reçue (530) ;
dans lequel l’acte de commande comprend la
commande aux éléments de lentille acoustique
à réfraction variable de fonctionner en tant que
lentille acoustique à réfraction variable unique
ayant une taille efficace supérieure à celle de
chacun des éléments de lentille acoustique à
réfraction variable en formant des ménisques
individuels des éléments de lentille acoustique
à réfraction variable pour constituer un ménis-

que combiné de la lentille acoustique à réfrac-
tion variable unique.
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