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(57) ABSTRACT

An ultrasound patch may conform to a curved surface of a
large, curvilinear part of a human body, and may capture
ultrasound images of underlying tissue for detection of
disease. The patch may comprise a flexible, elastomeric
substrate, in which phased arrays of piezoelectric ultrasound
transducers are embedded. The phased arrays may steer
ultrasound beams through a wide angle to image a large
volume of tissue. Mechanical deformation of the flexible
substrate as it conforms to a curvilinear body part may
change the relative 3D positions of the phase arrays. How-
ever, localization may be performed to detect these 3D
positions. Data captured by the phased arrays may be
processed, to create an ultrasound image of the underlying
tissue. A semi-flexible, intermediate layer may partially
encapsulate each phased array, to distribute stress at an
interface between the rigid phased array and more flexible
substrate.
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FIG. 3



Patent Application Publication  Apr. 23,2020 Sheet 3 of 12 US 2020/0121281 A1

FIG. 5



Patent Application Publication  Apr. 23,2020 Sheet 4 of 12 US 2020/0121281 A1

FIG. 6



Patent Application Publication  Apr. 23,2020 Sheet 5 of 12 US 2020/0121281 A1

FiG. 7C

FiG. 7B

FiG. 7A




Patent Application Publication  Apr. 23,2020 Sheet 6 of 12 US 2020/0121281 A1

FIG. 8
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METHODS AND APPARATUS FOR IMAGING
WITH CONFORMABLE ULTRASOUND
PATCH

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/748,442 filed Oct. 20, 2018 (the
“Provisional”).

FIELD OF TECHNOLOGY

[0002] The present invention relates generally to ultra-
sound imaging.

SUMMARY

[0003] Inillustrative implementations of this invention, an
ultrasound device conforms to a surface of a curvilinear part
of a human body. For instance, the curvilinear body part may
comprise a breast, knee, shoulder, wrist, ankle, finger, finger
joint, toe, or toe joint.

[0004] We sometimes call the ultrasound device a “patch”.
The ultrasound patch may touch and fit snugly against the
skin throughout a large region, even though the surface of
the skin is curved in that region. The patch may adhere to the
skin due to Van der Waals forces, without any gel or
adhesive.

[0005] The patch may capture ultrasound images of under-
lying tissue in the curvilinear body part. For instance, the
patch may capture ultrasound images of tissue in a large
portion of a woman’s breast. The ultrasound images may be
analyzed to detect pathological conditions, such as cancer
and other soft tissue diseases. The ultrasound images may
each be a 3D image of a volume of tissue.

[0006] The patch may comprise a flexible elastomeric
substrate, in which phased arrays of rigid piezoelectric
ultrasound transducers are embedded. The phased arrays
may transmit an ultrasound beam into tissue and may
measure ultrasound echoes that reflect from the tissue. The
measurements taken by the phased arrays may be processed,
to create an ultrasound image of the tissue.

[0007] The phased arrays may steer ultrasound beams
through a wide angle to image a volume of tissue. For
instance, each phased array may transmit an ultrasound
beam and may steer this beam through a large (e.g. 120
degree) angle, thereby imaging a much larger volume than
would be possible if the phased array were to emit a beam
in only one fixed direction.

[0008] In illustrative implementations, localization is per-
formed to determine the 3D position of the phased arrays.
This is desirable, because the 3D positions of the phased
arrays would otherwise be unknown, due to elastic defor-
mation of the flexible substrate when it conforms to the skin
of a curved body part. To detect the 3D spatial position of a
given phased array of the patch, three ultrasound transducers
in a ring array in the patch may emit ultrasound pulses at
different times. How long it takes for the pulses to reach the
given phased array may be measured. Three distances may
be calculated: (a) a first distance between the first ultrasound
transducer in the ring array and the given phased array; (b)
a second distance between the second ultrasound transducer
in the ring array and the given phased array; and (c) a third
distance between the third ultrasound transducer in the ring
array and the given phased array. The 3D position of the
given phased array may be calculated as the intersection of
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three spheres, where: (a) the first sphere is centered on the
first transducer and has a radius equal to the first distance: (a)
the second sphere is centered on the second transducer and
has a radius equal to the second distance; and (c) the third
sphere is centered on the third transducer and has a radius
equal to the third distance.

[0009] Each phased array may independently capture data
regarding a volume of tissue (e.g., image the volume). The
different volumes of tissue that are measured by the different
phased arrays may partially overlap and may together com-
prise a target region. In many implementations, each phased
array takes measurements of only a portion of the target
region. Data that encodes measurements taken by the dif-
ferent phased arrays (or that encodes images captured by the
different phased arrays) may be fed as input into a recon-
struction algorithm. The 3D positions of the phased arrays
(detected by localization) may also be fed as input to the
reconstruction algorithm. The reconstruction algorithm may
output a 3D image of the entire volume of the target region.
[0010] In some cases, the ultrasound patch captures accu-
rate, “single shot” images of the tissue in real time. This may
enable the patch to capture accurate 3D images of soft tissue
(e.g. a breast), even if the soft tissue shifts position between
the images.

[0011] Stress and strain may occur at interfaces between
rigid phased arrays and more flexible regions of the patch.
It is desirable to reduce this stress and strain, in order to
prevent the patch from being damaged (e.g. to prevent
mechanical failure at these interfaces).

[0012] In illustrative implementations, this stress and
strain is reduced by partially encapsulating each rigid phased
array in an intermediate layer. Specifically, in some cases,
each phased array is surrounded (except on its top side) by
an intermediate layer. The intermediate layer may be located
between the phased array and flexible substrate of the patch.
The intermediate layer may comprise a semi-flexible mate-
rial that is more flexible than the phased array and is less
flexible than the substrate. The intermediate layer may tend
to distribute stress that would otherwise be localized at an
interface between the rigid phased array and the flexible
substrate. In some cases, the intermediate layer comprises
polydimethylsiloxane (PDMS). In some cases, the interme-
diate layer comprises silicone rubber or a polymeric foam
(e.g. polystyrene foam or polyurethane foam). In some
cases, the intermediate layer has a Young’s modulus that is
greater than or equal to 60 kPa and less than or equal to 2
GPa.

[0013] In some implementations, each phased array
includes, among other things: (a) a flexible substrate; (b) a
“matching” layer and “backing” layer; and (c) an array of
piezoelectric ultrasound transducers.

[0014] The array of piezoelectric transducets may be
arranged in rows and columns. A first set of electrodes may
connect to the rows. A second set of electrodes may connect
to the columns.

[0015] In some implementations, the first and second sets
of the electrodes (which connect to the rows and columns,
respectively) both connect to the transducer array at the
same vertical height, albeit from different sides of the array.
This spatial arrangement of the electrode connections may
have at least three advantages. First, it may simplify fabri-
cation of the phased array. Second, it may reduce the size of
a phased array. Third, it may reduce signal processing
complexity.
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[0016] The ultrasound signal transmitted by the patch may
tend to increase the temperature of the tissue being imaged.
In illustrative implementations, this thermal effect is greatly
reduced (and kept within safe levels) by at least two features
of the ultrasound patch. First, in a given phased array, the
transducers may pulse in temporal sequence, so that only
one row or one column of the transducers in the array is
pulsing at a time. Second, the phased arrays may be embed-
ded in the flexible substrate of the patch in such a way that
they are spatially separated from each other and thus are
thermally isolated from each other. For instance, the distance
between neighboring pairs of phased arrays may be much
greater (e.g., at least two or three times greater) than the
maximum dimension of a single phased array.

[0017] In some implementations, data gathered by the
ultrasound patch is transmitted wirelessly, enabling the data
to be processed remotely (by a remote computer) and
interpreted remotely (e.g. by a remote physician who views
and interprets the resulting ultrasound images).

[0018] In some use scenarios of this invention, a set of
ultrasound patches captures a large number of 3D images of
tissue of many patients. These images may be employed to
train a neural network. After the neural network is trained,
it may analyze a new 3D image captured by an ultrasound
patch, in order to detect a pathological condition that is
shown in the new image.

[0019] The Summary and Abstract sections and the title of
this document: (a) do not limit this invention; (b) are
intended only to give a general introduction to some illus-
trative implementations of this invention; (¢) do not describe
all of the details of this invention; and (d) merely describe
non-limiting examples of this invention. This invention may
be implemented in many other ways. Likewise, the Field of
Technology section is not limiting; instead it identifies, in a
general, non-exclusive manner, a field of technology to
which some implementations of this invention generally
relate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 shows two ultrasound patches that conform
to curvilinear surfaces of a human body.

[0021] FIG. 2 shows a wearable control module.

[0022] FIG. 3 shows an ultrasound patch.

[0023] FIGS. 4 and 5 illustrate beam steering.

[0024] FIG. 6 illustrates hardware that is used for local-
ization.

[0025] FIGS. 7A, 7B and 7C show different spatial con-

figurations of an ultrasound patch as it conforms to different
shapes of a curvilinear surface of a human body.

[0026] FIG. 8is an exploded view of an ultrasound phased
array.
[0027] FIGS. 9, 10 and 11 are zoomed-in views of an

ultrasound phased array.

[0028] FIG. 12 shows a top view of an ultrasound phased
array.

[0029] FIG. 13 is a schematic of a control module.
[0030] FIG. 14 shows hardware for an ultrasound imaging
system.

[0031] FIG. 15 shows phased arrays embedded in a sub-
strate.

[0032] The above Figures are not necessarily drawn to

scale. The above Figures show illustrative implementations
of this invention, or provide information that relates to those
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implementations. The examples shown in the above Figures
do not limit this invention. This invention may be imple-
mented in many other ways.

DETAILED DESCRIPTION

Conformable Ultrasound Patch

[0033] FIG. 1 shows two conformable ultrasound patches,
in an illustrative implementation of this invention. In FIG. 1,
two ultrasound patches 101 and 102 conform to the outer
surface of the left and right breasts, respectively, of a
woman. Patch 101 fits snugly against the skin, throughout a
curved region that covers almost all of the external surface
of the left breast. Likewise, patch 102 fits snugly against the
skin, throughout a curved region that covers almost all of the
external surface of the right breast.

[0034] InFIG. 1, patches 101 and 102 each adhere or stick
to the woman’s skin due to Van der Waals attractive forces,
without any gel or tape, and without requiring any external
support structure to support the weight of the patches or to
press the patches against the skin. Patches 101, 102 may be
comfortably worn for long durations (e.g. hours or days).
Patches 101, 102 may be easily removed from the skin,
without damaging the skin, by pulling gently on them.
[0035] In some alternative implementations of this inven-
tion, one or more conformable patches are attached to a
support structure, such as clothing (e.g. a bra). When a
person wears the support structure (e.g. bra), the patch(s)
may adhere or stick to the person’s skin due to Van der Waals
attractive forces. When the person stops wearing the support
structure, the patches(s) may detach from the skin and
remain attached to the support structure.

[0036] In FIG. 1, each conformable ultrasound patch 101,
102 comprises: (a) a flexible, elastomeric substrate and (b)
phased arrays of rigid piezoelectric ultrasound transducers,
which are embedded in the substrate. For instance, multiple
phased arrays (including phased array 110) are housed in
patch 101. Likewise, multiple phased arrays (including
phased array 111) are housed in patch 102.

[0037] InFIG. 1, alink 130 delivers power to patches 101,
102. The patches may also communicate with a control
module 140 via link 130. For instance, control module 140
may, via link 130, send instructions that control the timing
of ultrasound pulses emitted by transducers in the phased
arrays. Likewise, patches 101, 102 may take ultrasound
measurements and send data that encodes the measurement
to control module 140 via link 130. Link 130 may include:
(a) one or more wires for delivering power; and (b) one or
more wires or fiber optic links that are dedicated to com-
munication.

[0038] FIG. 2 shows a wearable control module, in an
illustrative implementation of this invention. In FIG. 2,
control module 140 is supported by link 130 and is wearable.
Control module 140 may control the phased arrays in
patches 101 and 102. Among other things, control module
140 may separately control each ultrasound transducer in a
given phased array, causing the transducers in the array to
pulse in a temporal sequence in such a way as to steer
(control the angle of) an ultrasound beam emitted by the
phased array. Also, control module 140 may receive data that
represents measurements taken by patches 101, 102, and
may transmit this data to one or more other computers. In
some cases, control module 140 wirelessly transmits the
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data. In some cases, control module 140 performs signal
processing or otherwise processes the data, before transmit-
ting it.

[0039] In FIG. 2, control module 140 provides power to
the phased arrays in an ultrasound patch. In some cases, the
power consumption of control module 140 and an entire
ultrasound patch (including phased arrays) that it controls is
less than 500 mW.

[0040] FIG. 3 shows an ultrasound patch, in an illustrative
implementation of this invention. In FIG. 3, patch 300
comprises (a) a flexible, elastomeric substrate 301; (b)
phased arrays of rigid piezoelectric ultrasound transducers,
which are embedded in the substrate; and (c) a ring 352 of
ultrasound transducers that are also embedded in the sub-
strate.

[0041] In FIG. 3, substrate 301 of a patch is configured to
fit around, and to conform to, the external surface of a
woman’s breast. Substrate 301 may be sized and shaped in
such a way that it has a concave inner surface that conforms
to, and fits snugly against, a convex external surface of a
woman’s breast. Put differently, substrate 301 may be sized
and shaped in such a way that it would, without any
stretching, conform snugly to the external surface of a
woman’s breast if the breast happened to have a particular
shape and size that matches that of the patch. However, the
shape and size of breasts varies in a population of women.
To accommodate the different shapes and sizes, substrate
301 may be flexible. Thus, substrate 301 may elastically
stretch or deform in such a way as to fit snugly over a breast
of the woman.

[0042] This invention is not limited to ultrasound imaging
of breasts. In some alternative implementations, substrate
301 is shaped and sized in such a way that it conforms to,
and fits snugly against, any curvilinear body part, such as a
shoulder, wrist, toe, finger, toe joint or finger joint. In these
alternative implementations, patch 300 may take ultrasound
measurements that are used to generate a 3D image of a
volume of the curvilinear body part.

[0043] InFIG. 3, phased arrays of piezoelectric ultrasound
transducers are encapsulated in patch 300. The phased arrays
(e.g. 311 and 312): (a) may emit ultrasound beams and steer
them throughout a volume of tissue; and (b) and may also
measure ultrasound echoes that reflect from tissue.

[0044] In FIG. 3, a ring 352 of piezoelectric ultrasound
transducers is employed for localization, to determine the
3D position of each of the phased arrays in patch 300.

[0045] In a protype of this invention: (a) the ultrasound
patch is less than 2 mm thick; (b) the ultrasound patch has
a diameter of 10 cm, when the patch is not stretched to
conform to a surface of a body part; (¢) the dimensions of
each phased array in the patch are 6 mmx6 mmx1 mm; (d)
a 1 cm diameter hole in the center of the patch is configured
to encircle a breast nipple placement; (e) a ring array in the
center of the patch (around the nipple) is employed to
determine the 3D position of each phased array in the patch;
and (f) the distance between each pair of neighboring phased
arrays is 2 cm, when the patch is not stretched to conform
to a surface of a body part.

[0046] The prototype described in the preceding para-
graph is a non-limiting example of a patch. The dimensions
of a patch and of the components of the patch may be
different, in other implementations of this invention. The
spatial distribution of phased arrays (e.g. 311, 312) in the
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soft substrate of the patch may depend on the beam steering
angle in two directions (elevation and azimuth) of each of
the phased arrays.

Beam Steering

[0047] In illustrative implementations, each phased array
in a patch performs beam steering. In this beam steering,
each phased array emits an ultrasound beam, while varying
the orientation of the beam relative to the phased array. For
instance, the angle of the beam, relative to the phased array,
may vary over a wide range of angles (e.g., over more than
100 degrees). As the orientation of the beam changes, the
beam may sweep through a volume of tissue.

[0048] In illustrative implementations, beam steering
enables each phased array in a patch to measure ultrasound
echoes from a large volume. This in turn may reduce the
number of phase arrays that are needed in the patch, and may
eliminate (or reduce) gaps in the ultrasound image that is
captured by the patch.

[0049] FIGS. 4 and 5 illustrate beam steering. In FIGS. 4
and 5, four phased arrays 501, 502, 503, 504 each emit an
ultrasound beam and perform beam steering. During the
beam steering, phased array 501 emits an ultrasound beam
and steers the beam in such a way that the beam: (a) sweeps
through an entire volume 511; and (b) occupies different
parts of volume 511 at different times. Likewise, during the
beam steering, phased array 502 emits an ultrasound beam
and steers the beam in such a way that the beam: (a) sweeps
through an entire volume 512; and (b) occupies different
parts of volume 512 at different times. Similarly, during the
beam steering, phased array 503 emits an ultrasound beam
and steers the beam in such a way that the beam: (a) sweeps
through an entire volume 513; and (b) occupies different
parts of volume 513 at different times. Likewise, during the
beam steering, phased array 504 emits an ultrasound beam
and steers the beam in such a way that the beam: (a) sweeps
through an entire volume 514; and (b) occupies different
parts of volume 514 at different times.

[0050] In FIG. 4, phased arrays 501, 502, 503, 504 are in
a planar configuration. Specifically, in FIG. 4, the phased
arrays are spatially arranged in such a way that they fit
snugly against a single geometric plane.

[0051] In FIG. 4, phased arrays 501, 502, 503, 504 are
arranged in a non-planar configuration. Specifically, in FIG.
5 the phased arrays are spatially arranged in such a way that
they fit snugly against a curved surface.

[0052] The volumes that are imaged by phased arrays 501,
502, 503, 504 are different in FIGS. 4 and 5, due to the
different positions of the phased arrays.

[0053] Thebeam steering may be performed as follows. In
a given phased array, each row or column of transducers in
the phased array may be pulsed individually, in such a way
that different rows or columns of transducers in the array
emit an ultrasound pulse at different times. For instance, in
some cases, the transducers in an array are pulsed sequen-
tially, one row or column of transducers at a time. The
ultrasound wavefront emitted by an individual row or col-
umn of ultrasound transducers may be spherical. However,
the wavefronts emitted by all of the transducers in a patch
may combine to form a quasi-planar wavefront. Specifically,
the wavefronts emitted by the individual transducers in the
phase arrays may combine by superposition (i.e., construc-
tive and destructive interference) to form the quasi-planar
wavefront.
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[0054] In illustrative implementations, the direction (rela-
tive to the phased array) in which the quasi-planar wavefront
travels is determined by phase differences between the
individual wavefronts, which in turn is due to time delays
between pulses (i.e., differences in the time at which the
different transducers are pulsed). Thus, by controlling the
timing of the ultrasound pulses emitted by transducers in a
phased array, the phased array may control the direction in
which an ultrasound beam (which is emitted by the phased
array) travels.

[0055] In some cases, an electronic oscillator in control
module 140 outputs a periodic electrical signal. This signal
in turn may be employed to generate a set of electrical
signals, each with a different time delay (phase offset). This
set of electrical signals may in turn drive the ultrasound
transducers in the phased array, in such a way that different
transducers in the array are pulsed with different time delays.

[0056] In some implementations, each piezoelectric ultra-
sound transducer in a phased array is pulsed independently.
Varying the timing (at which different transducers are
pulsed) causes the phased array to radiate a quasi-plane
ultrasonic beam at an angle relative to the phased array. The
beam may be steered electronically and dynamically by
changing the time delays and thus the angle at which the
beam is radiated.

[0057] In some implementations, each phased array emits
a quasi-planar ultrasound beam that sweeps through a vol-
ume shaped like a truncated pyramid. In some cases, the
maximum beam steering angle (at -6 dB) may be calculated
by sin 0,=0.514-A/w, where 0, is the maximum steering
angle, A, is the wavelength in the medium, and w is the
element width, respectively. Based on this equation, the
angle may be larger than 30° when the width is equal to or
less than the wavelength (around 200 pm for 7.5 MHz).

[0058] In some implementations, each phased array emits
an ultrasound beam and steers the beam, in such a way that
the orientation of the beam relative to the array varies
through a range of angles (relative to the array), where the
angular difference between one end of the range and the
other end of the range is at least 10 degrees, or at least 20
degrees, or at least 30 degrees, or at least 40 degrees, or at
least 50 degrees, or at least 60 degrees, or at least 70 degrees,
or at least 80 degrees, or at least 90 degrees, or at least 100
degrees, or at least 110 degrees, or at least 120 degrees, or
at least 130 degrees, or at least 140 degrees, or at least 150
degrees.

[0059] To avoid echo interference between phased arrays,
the phased arrays in a patch (or in a set of patches) may
transmit in a temporal sequence, one phased array at a time.

Localization

[0060] In illustrative implementations, a conformable
ultrasound patch detects the relative 3D positions of phased
arrays in the patch. This is desirable, because the relative 3D
positions of the phased arrays in the patch may otherwise be
unknown, since these 3D positions may change as the patch
conforms to the external surface of a curved body part. For
instance, the distance between phased arrays of a patch may
vary as the patch bends and stretches to conform to a curved
body part.

[0061] In illustrative implementations, it is helpful to
know the 3D positions of the phased arrays. when comput-
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ing an ultrasound image of a region that includes overlap-
ping volumes of tissue that are measured by the phased
arrays.

[0062] In illustrative implementations, each ultrasound
patch includes both: (a) an array of ultrasound transducers
that is dedicated to localization (“localization array”) and (b)
multiple phased arrays. The localization array in a patch may
transmit ultrasound pulses. The amount of time that it takes
for these pulses to reach a phased array may be measured,
and used to calculate the 3D position (relative to the local-
ization array) of each of the phased arrays in the patch.

[0063] In some cases, the transducers in the localization
array are piezoelectric ultrasound transducers. In some
cases, each ultrasound transducer in a localization array has
the same structure, the same dimensions, and is composed of
the same materials as an ultrasound transducer in a phased
array.

[0064] In illustrative implementations: (a) the localization
array is a rigid structure; and (b) the ultrasound transducers
in the localization array are in a fixed, constant position
relative to each other.

[0065] In some cases, the localization array comprises a
set of ultrasound transducers that are arranged in an annular
pattern (ring). In some implementations: (a) an ultrasound
patch conforms to a woman'’s breast; (b) the localization
array of the patch is a ring-like structure that encircles the
nipple of the breast; and (c) the nipple of the breast protrudes
through a hole in the center of the localization array.
However, the localization array may be implemented in
many different ways. For instance, in some cases, the
localization array has a shape that is not circular. In alternate
implementations, the transducers in a localization array may
be arranged in any constant spatial configuration relative to
each other. In some cases, the localization array does not
have a hole in its center, for a body part to fit through.

[0066] In some cases, localization is performed by mea-
suring the amount of time (time-of-flight) that it takes for an
ultrasound pulse to travel from a transducer in the localiza-
tion array to a transducer in a phased array. In some cases,
the ultrasound pulses (for localization) travel in the substrate
of the patch when propagating from the localization atray to
aphased array. The substrate (through which the localization
pulses travel) may comprise a sheet or layer of an Ecoflex®
elastomer.

[0067] FIG. 6 illustrates hardware that is employed for
localization, in an illustrative implementation of this inven-
tion. FIG. 6 is a top view of a conformable ultrasound patch
600. In FIG. 6, a set of phased arrays (e.g. 605, 606, 607) are
encapsulated in patch 600. A rigid, annular array 610 (ring
array) of piezoelectric ultrasound transducers is also encap-
sulated in patch 600. The center of the circle formed by ring
array 610 is located at the radial center of patch 600.

[0068] In FIG. 6, ring array 610 is employed to detect the
3D position of each of the phased arrays in patch 600. For
instance, to detect the 3D spatial position of phased array
605, three transducers 601, 602, 603 of ring array 610 emit
ultrasound pulses. The pulses may travel in all directions,
including along one-way paths 610 to phased array 605. The
“time-of-flight” (amount of time that it takes for the pulse to
reach phased array 605) is measured for each of these pulses.
Based on these times-of-flight, the distances between trans-
ducers 601, 602, 603 and phased array 605 are calculated.
Then the 3D position of phased array 605 is calculated as
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being at the intersection of three spheres that are centered on
the three transducers in the ring array, as described above.

[0069] In FIG. 6, the three transducers (in the ring array)
that emit the localization pulses may (when the patch is
viewed from above) be located in a fan-shaped area. The
fan-shaped region may include the phased array whose
position is being detected and the three transducers that emit
pulses to detect this position. The fan-shaped region may
spread out from the center of a circle formed by the ring
array. This fan-shaped region may extend over an angle A
(e.g., 30 degrees) when seen from this center.

[0070] In some cases, at least three transducers in the
localization each emit an ultrasound pulse, one transducer at
a time. A phased array in the patch measures how long it
takes for the pulses to reach the phased array.

[0071] Consider the following example (Example 1). In
Fxample 1, the localization array comprises a rigid array (a
ring array) of ultrasound transducers that are arranged in a
circle. In Example 1, the ring array comprises 24 ultrasound
transducers. Let us call the n phased arrays in the patch P1,

P2,P3, ..., Pn. Letus call the 24 ultrasound transducers in
the ring array E1, E2, E3, . . ., E24.
[0072] In Example 1, the 3D spatial position of phased

array P1 relative to the ring array is detected. To do so, three
transducers (E1, E2, E3) in the ring array emit ultrasound
pulses at different times and how long it takes for each of the
three pulses to reach phased array P1 may be measured.
Specifically, transducer E1 in the ring array transmits an
ultrasound pulse which is received by phased array P1.
Based on the amount of time that it takes for this one-way
trip (from E1 to P1) and based on the known speed of
ultrasound propagation in an elastomeric layer of the patch,
the distance D1 between E1 and P1 is calculated. Then
transducer E2 in the ring array transmits an ultrasound pulse
which is received by phased array P1. Based on the amount
of time that it takes for this one-way trip (from E2 to P1) and
based on the known speed of ultrasound propagation in an
elastomeric layer of the patch, the distance D2 between E2
and P1 is calculated. Then transducer E3 in the ring array
transmits an ultrasound pulse which is received by phased
array P1. Based on the amount of time that it takes for this
one-way trip (from E3 to P1) and based on the known speed
of ultrasound propagation in an elastomeric layer of the
patch, the distance D3 between E3 and P1 is calculated. The
3D position of phased array P1 is calculated as being at the
intersection of a first sphere, a second sphere and a third
sphere, where the first sphere has a radius of D1 and is
centered on E1, the second sphere has a radius of D2 and is
centered on E2, and the third sphere has a radius of D3 and
is centered on E3.

[0073] Likewise, in Example 1, the 3D location of phased
array P2 may be detected by measuring how long it takes for
pulses emitted by transducers E4, ES, E6 in the ring array to
travel to phased array P2, in the same manner as described
in the preceding paragraph.

[0074] Inillustrative implementations, only a single trans-
ducer in a phased array (rather than all of the transducers in
the phased array) takes measurements from which the time-
of-flight of a localization pulse is calculated. For instance, a
single ultrasound transducer at the center of a phased array
(instead of all of the transducers in a phased array) may
measure how long it takes for localization pulses to arrive.
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[0075] 1In some cases, the positional data is resampled to
compute the coordinates of the individual phased arrays,
before the phased arrays capture ultrasound measurements
for a new ultrasound image.

[0076] In some implementations, the closest three trans-
ducers in a ring array emit pulses that are used to detect the
3D position of a particular phased array. Specifically, these
three transducers in a ring array may be closer to the
particular phased array than are any other transducers in the
ring array. In many cases, the bending and stretching that
occurs when the patch conforms to a curved body part is
unlikely to alter which three transducers in the ring array are
closest to a particular phased array.

[0077] In some cases, the closest three transducers (when
seen from a top view of the patch) are located in a fan-
shaped area of the patch, which fan-shaped area includes the
phased array whose 3D position is being measured. This
fan-shaped area may spread out from the center of the circle
formed by the ring array. For instance, the fan-shaped area
may cover an angle of 30 degrees, as seen from this center.
[0078] In some cases: (a) the transducers in a center ring
array are pulsed to generate an ultrasound wave in all
directions; (b) only one phased array is switched on at a
time, to measure ultrasound waves from at least three
transducers in the ring array; (c) the three transducers are in
a fan-shaped area (e.g., a great arc of 30 degrees) in which
the phased array is also located; (c) the phased arrays are
localized one by one and the 3D coordinates of each phased
array is stored in a data processing system; (d) the phased
arrays each separately take measurements for a 3-D image of
a local area by phased array beam steering; (d) a computer
reconstructs an image of an entire tissue region (e.g., breast)
by combining 3-D images; and (e) the 3D coordinates of the
phased arrays are employed, when combining the images.
[0079] In some cases, only one phased array will be
switched on, at any given time, to receive localization
signals or to take ultrasound measurements to generate an
image.

[0080] FIGS. 7A, 7B and 7C show different spatial con-
figurations of an ultrasound patch as it conforms to different
shapes of a curvilinear surface of a human body, in an
illustrative implementation of this invention. Specifically,
FIGS. 7A, 7B and 7C show different spatial configurations
of an ultrasound patch 700 as it conforms to the external
surface of a small breast, sagging breast and large breast,
respectively, of different women. As patch 700 conforms to
these different sizes and shapes of breasts, the relative
positions of the phased arrays (e.g. 701, 702) in the patch
change. This, in turn, may cause the volumes of tissue that
are imaged by the phased arrays to change (similar to how
the volumes of tissue imaged by phased arrays changes from
FIG. 4 to FIG. 5). Thus, in illustrative implementations, it is
desirable to perform localization to detect the 3D positions
of the phased arrays.

Components of an Ultrasound Patch

[0081] Insomeimplementations, two outer layers (e.g. top
and bottom layers) of the ultrasound patch comprise a
flexible, silicone elastomer or silicone rubber. The interior of
the ultrasound patch may include: (a) a set of rigid phased
arrays that are embedded in the patch; (b) a rigid localization
array (e.g. a ring array) that is embedded in the patch and
that is located in a central region of the patch; (c) what we
call a “matching layer” (e.g. on top of each phased array);



US 2020/0121281 Al

(d) what we call a “backing layer” (e.g. on the bottom of
each phased array); and (e) electrodes and flexible electrical
cables. Each phased array in the patch may comprise a rigid
array of piezoelectric ultrasound transducers, with epoxy
between the transducers.

[0082] FIG. 8 is an exploded view of a portion of an
ultrasound patch, in an illustrative implementation of this
invention. Specifically, FIG. 8 shows a portion of the patch
that includes a single phased array. A “matching layer” 802
is located on one side (e.g. the top side) of the crystal array
807 of a phased array. Likewise, a “backing layer” 808 is
located on an opposite side (e.g. the bottom side) of crystal
array 807. A set of electrodes (803, 805) and flexible
electrical cables (804, 806) are electrically connected to
piezoelectric ultrasound transducers in the phased array.
Each phased array in the patch may comprise an array of
crystals 807, where each of the crystals is a piezoelectric
ultrasound transducer. Epoxy 809 may fill spaces between
the individual transducers in crystal array 807 and may fill
spaces between different portions of backing layer 808.

[0083] For clarity and simplicity of illustration, in FIGS.
8, 9, 10, 11, and 12, phased arrays are shown with a
relatively small number of elements (ultrasound transduc-
ers). For instance: (a) in FIG. 8, crystal array 807 is shown
as a 13x10 array of ultrasound transducers; (b) in FIGS. 9,
10 and 11, the phased array is shown as a 3x3 array of
ultrasound transducers; and (c) in FIG. 12, phased array
1200 is shown as an 8x8 array. In actual practice, the number
of transducers in the array may be much larger. For instance,
in some cases, each phased array is a 16x16, or 32x32, or
64x64, or 128x128 array of ultrasound transducers.

[0084] In illustrative implementations, each phased array
is a rigid structure.

[0085] InFIG. 8, aphased array is surrounded (on its sides
and bottom, but not on the top) by an intermediate layer §01.
Intermediate layer 801 may be positioned between a rigid
phased array and a flexible substrate, and may reduce stress
and strain that would otherwise occur at an interface
between the rigid array and the flexible substrate. For
instance, stress and strain may be distributed from a surface
of a phased array to intermediate layer 801, and then to the
flexible substrate. FIG. 8 shows a portion, but not all, of
intermediate layer 801. In some cases, intermediate layer
801 does not cover the top side of the phased array, and thus
does not cover the matching layer (which is on the top side
of the phased array). In some cases, power and communi-
cation links (e.g., electrodes and cables) pass through the
intermediate layer 801.

[0086] In some cases, matching layer 802 prevents inter-
stices reflections, and also enhances acoustic transmission.
The matching layer 802 may be prepared by spin-coating on
the upper surface of a phased array. In some cases, matching
layer 802 is electrically insulative. For instance, the match-
ing layer may comprise epoxy with inorganic micro-sized
fillers (e.g. BaTiO;, Al,03,Ag). The thickness of the match-
ing layer may be equal to one quarter of the wavelength of
an ultrasound wave in this matching layer.

[0087] The matching layer 802 and backing layer 808 may
have an intermediate acoustic impedance that is between
acoustic impedance of the hard piezoelectric transducers and
the acoustic impedance of the soft biological tissue being
imaged. The matching and backing layers may be attached
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to front- and back-sides, respectively (or the top and bottom
sides, respectively) of the piezoelectric ultrasound transduc-
ers in a phased array.

[0088] Insome cases, backing layer 808 is conductive. For
instance, backing layer 808 may comprise a conductive
epoxy mixture (E-SOLDER® 3022), which has a good
acoustic performance. In some cases, the backing layer for
a single piezoelectric transducer crystal is fabricated by
centrifuging and lapping a conductive epoxy mixture (e.g.
E-SOLDER® 3022) uniformly onto the crystal.

[0089] In some cases, a transparent epoxy (e.g. 809) fills
spaces between the transducers in a phased array. For
instance, the transparent epoxy may comprise EPO-TEK®
301. The transparent epoxy 809 may fill the kerf and
eliminate the transverse vibration of the single transducer
crystals.

[0090] In some cases, the electrodes (e.g. 803, 805) com-
prise one or more of the following elements or an alloy of
one or more of the following elements: silver (Ag), alumi-
num (Al); gold (Au); cobalt (Co); chromium (Cr); copper
(Cu); iron (Fe); molybdenum (Mo); niobium (Nb); nickel
(Ni); tungsten (W); and zinc (Zn). For instance, in some
cases, the electrodes comprise: (a) Aw/Ti (an alloy of gold
and titanium); (b) Cr/Au (an alloy of chromium and gold);
(¢) Pt/Cr (an alloy of platinum and chromium); or (d) Ti/Pt
(an alloy of titanium and platinum). In some cases, the
electrodes comprise epoxy-based conductors (e.g. silver
epoxy), indium tin oxide (ITO) or any combination thereof.
[0091] In some cases, signal crosstalk between adjacent
microfabricated interconnection electrodes is reduced or
eliminated by one or more of the following strategies:
permanent metal shielding, sufficient gap distance between
power and signal lines, and engineering the frequencies of
the transmitted and received signals.

[0092] In some cases, flexible cables connect each of the
phased arrays in the patch to an external power and data
processing device. To achieve this, electrodes may be
aligned and bonded with heat seal connectors or other
polyimide-based flexible cables.

[0093] In some cases, each of the rigid phased arrays in a
patch is bonded on Ecoflex® by UV (ultraviolet) ozone and
hot-pressing.

Phased Array

[0094] FIGS. 9, 10 and 11 show a phased array, in an
illustrative implementation of this invention. FIG. 9 shows
a perspective view of the phased array. FIG. 10 shows a
central portion of the same phased array, without “backing”
and “matching” layers. FIG. 11 shows a top view of the same
array.

[0095] As shown in FIG. 10, a central portion of the
phased array comprises nine piezoelectric ultrasound trans-
ducers 941, 942, 943, 944, 945, 946, 947, 948, 949. An
electrically insulative epoxy 809 fills spaces between the
transducers and between different portions of a “backing”
layer 930.

[0096] In FIGS.9, 10, and 11, the phased array includes:
(a) piezoelectric ultrasound transducers 941, 942, 943, 944,
945, 946, 947, 948, 949; (b) a “backing” layer 930; (c) a
“matching” layer 920; (d) electrodes 901, 902, 903, 911,
912, 913 that connect to the transducers; and (e) epoxy that
fills spaces between transducers.

[0097] As shown in FIG. 9, backing layer 930 not only
covers the bottom surface of the piezoelectric transducers,
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but also attaches to electrodes 911, 912, 913. The backing
layer 930 may comprise E-SOLDER® 3022. The backing
layer 930 may be electrically conductive, and may function
as the bottom electrode for each of the ultrasound transduc-
ers in the phased array. The backing layer 930 may be
separated into multiple parts, and epoxy 809 may fill the
spaces between the different parts of the backing layer 930.
[0098] As shown in FIG. 9, the bottom side of the trans-
ducers may be electrically connected, via the conductive
backing layer 930, to electrodes 911, 912, 913. Also, the top
side of the transducers may be electrically connected to
electrodes 901, 902, 903,

[0099] Thus, as shown in FIG. 9, electrical connections to
both the bottom and top sides of the ultrasound transducers
are achieved, even though the electrodes 901, 902, 903, 911,
912, 913 all connect to the phased array at the same vertical
level (at the top side of the transducers). This approach (in
which all of the electrodes for a phased array connect to the
phased array at the same vertical level) may simplify fab-
rication of the phased array.

[0100] A first portion 981 of the backing layer 930 may be
attached to (and may physically touch) the bottom of the
transducers. A second portion 982 of the backing layer 930
may extend up a side of the phased array to reach electrodes
911, 912, 913. In FIG. 9, this second portion 982 of backing
layer 930: (a) does not touch the piezoelectric transducers,
and (b) instead touches an electrically insulative epoxy 809
that fills spaces between this second portion and the trans-
ducers. The first (bottom) portion 981 of backing layer 930
may be divided into separate sections that are separated from
each other by the electrically insulative epoxy 809 and that
correspond to rows of the array. Likewise, the second (side)
portion 982 of backing layer 930 may be divided into
separate sections that are separated from each other by the
electrically insulative epoxy 809 and that correspond to rows
of the array.

[0101] In some cases, a phased array is fabricated as
follows: First, a single piezoelectric crystal with backing
layer is diced completely in one direction (row) and filled
with electrically insulative epoxy (e.g. EPO-TEK® 301).
Second, the single crystal (but not the backing layer) is diced
in the other direction (column). This leaves the backing layer
still connected to the transducers in one direction (row). The
epoxy fills spaces between the transducers in the array. The
matching layer is spin coated on the top side of the trans-
ducers in the array. This paragraph describes a non-limiting
example of this invention. This invention may be imple-
mented in many other ways.

[0102] Insome cases, the pitch between transducers is 100
um and the width of each transducer depends on the thick-
ness of blade (e.g. 70 pm in width and 30 pm in kerf). In
some cases, the pitch is equal to a half wavelength (0.51.) at
the transducer’s working frequency. This pitch may balance
two design goals: (a) easy microfabrication; and (b) avoid-
ing side lobes by keeping the pitch less than 0.6\. For
instance, the pitch of the array may be equal to half of
wavelength and may change from 360 pm to 50 pm,
depending on the working frequency of the transducers.
[0103] In illustrative implementations of this invention,
transducers in a phased array transmit and receive ultra-
sound. For instance, in some cases, rows of ultrasound
transducers in a phased array transmit ultrasound, one row
at a time, while columns of ultrasound transducers in the
array receive ultrasound reflections. In other cases, columns
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of ultrasound transducers of a phased-array transmit ultra-
sound, one column at a time, while rows of ultrasound
transducers in the array receive ultrasound reflections.
[0104] FIG. 12 shows a top view of another ultrasound
phased array. In FIG. 12, a phased array 1200 comprises an
8x8 array of piezoelectric ultrasound transducers (e.g. 1201,
1202, 1203, 1241, 1242, 1243). The phased array is con-
nected to column electrodes (e.g. 1211, 1212, 1213) and to
row electrodes (e.g. 1231, 1232, 1233). Both the column
electrodes and the row electrodes are electrically connected
to the phased array at the same vertical level, which is
immediately above the top side of the piezoelectric ultra-
sound transducers. The top side of the transducers is shown
in FIG. 12 and is in direct physical contact with the column
electrodes. The bottom side of the transducers is not shown
in FIG. 12 and is in direct physical contact with the
conductive “backing” layer. The “backing” layer appears
stippled in FIG. 12. In FIG. 12: (a) the right hand column of
stippled rectangles (including rectangles 1251, 1252, 1253)
shows a portion of the backing layer that extends up a side
of the phase array and connects with row electrodes (e.g.
1231, 1232, 1233); and (b) the other stippled rectangles
(e.g., 1240) are portions of the backing layer that underneath
the transducers. In FIG. 12, the phased array is shown
without the epoxy that fills the spaces between the trans-
ducers. In FIG. 12, an intermediate layer 1280 surrounds all
four sides and the bottom of the phased array.

Ultrasound Transducer

[0105] In some implementations, each individual ultra-
sound transducer in a phased array comprises a single
piezoelectric crystal of Pb(Mg, ;Nb, ;)O;—PbTiO; (PMN-
PT).

[0106] In other cases. each individual ultrasound trans-
ducer in a phased array comprises a piezoelectric material
Pb(Zr,T1)O3 (PZT).

[0107] In yet other cases, each piezoelectric ultrasound
transducer in a phased array comprises one or more of the
following materials: berlinite (AIPO,,), quartz, rochelle salt,
topaz, tourmaline-group minerals, gallium orthophosphate
(GaPQ,), langasite (La3Ga55i0i4), barium titanate (Ba-
TiO;), lead titanate (PbTiO;), lead zirconate titanate (Pb
[Zr,Ti, ]O;, 0<x<1) (commonly referred to as PZT), lead
magnesium niobate (PMN), lead magnesium niobate-lead
titanate  (PMN-PT), Pb(In, ,Nb, ,)O,—Pb(Mg,;Nb, )
O,—PbTiO; (PIN-PMN-PT), potassium niobate (KNbO,),
lithium niobate (LiNbQ;), lithium tantalate (LiTaO3),
sodium tungstate (Na,WO,), zinc oxide (ZnO), sodium
potassium niobate ((K.Na)NbO,KNN), bismuth ferrite
(BiFeO;), sodium niobate (NaNbO;), bismuth titanate
(Bi,Ti;0,,), Sodium bismuth titanate (NBT), polyvi-
nylidene fluoride (PVDF), poly][(vinylidenefluoride-co-trif-
luoroethylene] [P(VDF-TrFE)], or any combination thereof
[0108] In some cases, the ultrasound transducers in the
phased array all have the same working frequency. The
working frequency may be in a range of 2 MHz to 15 MHz.
The corresponding thickness of piezoelectric ultrasound
transducers may be in a range from 1 mm to 0.12 mm
(frequency constant divided by working frequency).

[0109] In some use scenarios: (a) the phased array is
employed for ultrasound imaging of a woman’s breast; (b)
a working frequency of 5-12 MHz is recommended for the
breast imaging; and (c) the working frequency of all of the
ultrasound transducers in the patch is in the range of 5-12



US 2020/0121281 Al

MHz. For instance, in some cases, the working ultrasound
frequency is the 7.5 MHz. (The “working frequency” of an
ultrasound transducer is the fundamental frequency of ultra-
sound that is transmitted by the transducer. It is not the
frequency of the amplitude modulation—e.g. pulsing—of
the ultrasound that is emitted.)

[0110] In illustrative implementations, each ultrasound
transducer in a phased array is a piezoelectric crystal. The
crystals in the array may both transmit and receive (detect)
ultrasound. When voltage is applied to a piezoelectric crys-
tal, the crystal may change size and shape, thereby causing
the crystal to produce an ultrasound. When mechanical force
is applied to a piezoelectric crystal, the crystal may generate
a voltage. Thus, a piezoelectric crystal may detect and
measure ultrasound that reflects from tissue. In some cases,
each single piezoelectric crystal is employed for both trans-
mitting and receiving ultrasound. In other cases, one or more
piezoelectric crystals transmit ultrasound and one or more
other piezoelectric crystals receive (detect and measure)
ultrasound.

[0111] In some implementations, the transducers in the
phased array perform two-way beamforming.

Control Module

[0112] FIG. 13 is a schematic of a control module, in an
illustrative implementation of this invention. In FIG. 13, a
control module 1300 includes a receiver module 1301, a
transmit module 1302, an ADC (analog-to-digital converter)
1303, a microprocessor 1304 and a wireless module 1305.
The transmit module 1302 may generate analog electric
signals that drive individual ultrasound transducers in the
phased arrays. The receive module 1301 may process and
amplify analog electric signals that encode measurements of
ultrasound reflections which are measured by the ultrasound
transducers of the patch. The ADC 1303 may convert an
analog signal (i.e., the amplified analog output of the
receiver module 1301) into a digital signal. The digital
signal outputted by ADC 1303 may encode data regarding
ultrasound measurements taken by transducers in the patch.
The microprocessor 1304 may process this data and send the
processed data to wireless module 1305. The wireless mod-
ule 1305 may in turn transmit a wireless signal that encodes
data regarding ultrasound measurements taken by the patch.
The microprocessor 1304 may control, or interface with,
receiver module 1301, transmit module 1302, ADC 1303,
and wireless module 1305.

[0113] In some cases, control module 1300 includes an
analog integrated circuit (IC). Control module 1300 may
digitize ultrasound transducer readings, and send this data
wirelessly to an external device for further processing, via a
Bluetooth® wireless module. Control module 1300 may be
powered by a lithium polymer battery, and may supply all of
the peripherals through voltage regulation. The transmitter
analog IC may include a charge pump component to provide
a high actuation supply voltage, a delay control to enable
ultrasound phase-array mode, and a level shifter to convert
the digital output’s low driving voltage to high actuation
voltage. This tunable actuation voltage may then be directed
sequentially to every ultrasound transducer in a phased
array. A receiver component of the control module 1300 may
multiplex the inputs and deploy a band-pass filter (BPF) to
eliminate noise and reveal backscatter signals with the
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frequency of interest. These signals may then be amplified
before being digitized by an internal analog-digital converter
of control module 1300.

[0114] In some cases, control module 1300 includes a
flexible printed circuit board and is connected to the ultra-
sound patch through conductive threads or flexible intercon-
nects. The ultra-sound patch may be operator-independent,
and may easily interface with a smart-phone app which
captures scan data automatically.

Ultrasound Imaging System

[0115] FIG. 14 shows a hardware for an ultrasound imag-
ing system. In the example shown in FIG. 14, a conformable
ultrasound patch 1401 takes measurements of ultrasound
echoes from tissue. A control module 1402: (2) may provide
power to patch 1401, (b) may control timing of pulses in
phased arrays in patch 1401, may process data received from
patch 1401, and may transmit data that encodes or is derived
from the measurements taken by patch 1401. For instance,
control module 1402 may transmit the data wirelessly to
computer 1403. Or for instance, control module 1402 may
send the data via a wired or fiber optic link to computer
1404. Computers 1403, 1404 and control module 1402 may
be part of a LAN (local area network) or part of a WAN
(wide area network). Alternatively, control module 1402
may send the data via the Internet to computer 1405. A
computer (e.g. 1403, 1404 or 1405) may process the data
and may cause an electronic display screen (e.g. 1423, 1424
or 1425) to display an ultrasound image.

Encapsulation of Phased Array

[0116] In illustrative implementations, each phased array
is partially encapsulated by an intermediate layer. In some
cases, the intermediate layer surrounds the bottom and four
sides of a phased array, but does not cover the top of the
phased array. In illustrative implementations, the interme-
diate layer is located between the phased array and the
flexible substrate. The intermediate layer may help to dis-
tribute mechanical stress and strain that might otherwise
occur in, and cause damage to, a region in which the rigid
phased array is adjacent to the flexible substrate.

[0117] FIG. 15 shows phased arrays embedded in a sub-
strate, in an illustrative implementation of this invention.
FIG. 15 is a cross-sectional view. FIG. 15 shows a portion,
but not all, of a substrate.

[0118] In FIG. 15, three phased arrays 1501 are each
embedded in a substrate 1500. The phased arrays 1501 each
comprise a backing layer 1561, an array 1562 of piezoelec-
tric ultrasound transducers, electrodes 1563, and matching
layer 1564.

[0119] In FIG. 15, each phased array is partially sur-
rounded by an intermediate layer 1502. In FIG. 15, the
intermediate layer 1502 for each given phased array sur-
rounds the bottom and sides—but not the top—of the given
phased array.

[0120] In FIG. 15, substrate 1500 conforms to and physi-
cally touches skin 1531.

[0121] For clarity of illustration, in FIG. 15, phased arrays
1501 are depicted as close to each other. In actual practice,
however, ultrasound phased arrays may be much further
apart from each other than is shown in FIG. 15. For instance,
in some cases: (a) each phased array is about 2 centimeters
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distant from its nearest neighbor(s); and (b) the dimensions
of each phased array is 6 mmx6 mmx! mm.

[0122] For simplicity and clarity of illustration, FIG. 15
omits certain details. For instance, FIG. 15 does not show:
(a) epoxy that is between individual transducers in a crystal
array, and (b) data and power lines.

Image Reconstruction

[0123] In illustrative implementations of this invention:
(a) each phased array in an ultrasound patch separately
measures ultrasound reflections from a different volume of
tissue; (b) the different volumes that are imaged by the
different phased arrays partially overlap and are located at
least partially in a target region of the tissue; and (c) based
on the ultrasound measurements taken by the phased arrays,
a 3D image of a volume of tissue is calculated.

[0124] In some cases, a conformable ultrasound trans-
ducer captures a 3D image of a region of tissue in a “single
shot”. Each “single shot” may consist of each piezoelectric
ultrasound transducer in the patch pulsing once (and mea-
suring reflection of the pulse). During a “single shot”,
different transducers in the patch may pulse at different
times.

[0125] In some cases, the ultrasound transducers in the
phased arrays perform electrical impedance and pulse-echo
measurements, and are interfaced with a data acquisition
system. In some cases, the data acquisition system includes
a pulser/receiver, amplifier, high-voltage multiplexer, digital
oscilloscope, impedance matching module, and interfacing
software to transmit the pulse. The data acquisition system
may control imaging parameters such as aperture size,
transmit frequency, filtering, and time-gain compensation.
The data acquisition system may operate multiple (e.g. 256)
transmit/receive channels simultaneously, which may
reduce the time length of data collection and the complexity
of operation significantly. B-mode imaging may be per-
formed to highlight soft tissues (e.g. from the breast) with
the amplitude of the received signal from different inside
reflectors and represented by gray scale values. Pulsed-echo
signals may be generated from each phased array. An
oscilloscope may acquire the signals with enough bandwidth
and sampling frequency to receive the signals without
distortion or aliasing.

[0126] In some cases, the reconstruction of 3-D images of
a tissue includes three steps:

[0127] First Step: Each phased array in the patch may
measure ultrasound reflections from tissue.

[0128] Second Step: A center ring array may be employed
to determine the 3D position of each of the phased arrays.
Accurate data regarding the relative positions of each phased
array in a patch may be an input to the image processing
algorithm. All of the phased arrays may be encapsulated in
soft substrate (Ecoflex®). Thus a sound wave may propagate
along the soft substrate on the surface of soft tissue.
[0129] The intensity, frequency and speed of the propa-
gation wave along the soft substrate surface may be mea-
sured.

[0130] Third Step: A 3-D image of an entire tissue region
may be calculated, based on measurements taken by each of
phased arrays. 3D positional data may be resampled to
compute the 3D spatial coordinates (relative to the ring
array) of each phased array. Even though the ultrasound
patch may wrap around a curved body part (e.g., breast)
conformably, precise 3-D images may be calculated for any
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angle and any given time point. According to the exact
positional data of each 2-D array, the 3-D coverage from
separate phased array images may be combined.

[0131] In some cases, image resolution is dependent upon
working frequency and depth.

[0132] In some cases, a 3-D image of a large region of
tissue is calculated based on a multitude of smaller 3-D
images from phased arrays. The phased arrays may be
located at different spatial positions relative to the tissue.
Each phased array in the patch may take images (or mea-
surements) independently from the other phased arrays in
the patch.

[0133] In some cases, coverage gaps (between volumes
sensed by the different phased arrays) may be minimized by
(1) adding or reducing the number of phased arrays accord-
ing to soft tissue volume, and (ii) combining individual
images together according to their location on the soft tissue.
[0134] Insome cases, an image from a single phased array
may be generated by a reconstruction algorithm, including
envelope detection and log compression wave mode struc-
ture adaptive weights, and matched coefficient approach. In
some cases, the envelope data received is multiplied by the
row elements when transmitting with columns, as well as the
data received by the column elements when transmitting
with rows, thereby achieving two-way focusing in both
transmit and receive directions.

Machine Learning

[0135] In some implementations, a neural network (e.g.,
convolutional neural network) is trained on a large database
of images that are generated by conformable ultrasound
patches taking images of a curved body part of many
different patients. Once trained, the neural network may be
presented with a new, previously unseen image of tissue that
has been captured by a conformable ultrasound patch. The
trained neural network may, based on the new image,
diagnose (or predict) a pathological condition in the tissue.
For instance, the pathological condition may be a tumor.
[0136] In some cases, a pre-processing step applies dif-
ferent filters to reduce the effect of speckle, which the
ultrasound images may contain. Local and global features,
such as intensity, shadow, centrality, depth, may be calcu-
lated.

Prototype

[0137] The following nine paragraphs describe a proto-
type of this invention.

[0138] In this prototype, each ultrasound patch comprises
multiple phased arrays. Interconnects between phased arrays
and external power and data processing devices are aligned
and bonded with heat seal connectors or other PI (polyim-
ide)-based flexible cables. The phased arrays are bonded on
Ecoflex® by UV ozone and hot-pressing at the designed
position.

[0139] In this prototype, a phased array is encapsulated by
silicon elastomer (Ecoflex®) in an ultrasound patch. The
phased array comprises multiple transducers. Each trans-
ducer includes three parts: piezoelectric active element,
backing layer, and matching layer.

[0140] In this prototype, a ring array consists of 24 ele-
ments, which are also made of same materials and structure
as the phased array, with the dimension of 1 mmx1 mmxI1
mm. The thickness of the patch is around 2.0 mm.
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[0141] In this prototype, electric connections minimize
signal noise and enhance electric performance. To fabricate
a top electrode layer, Chromium (Cr)/Gold(Au) (10 nm/200
nm) is deposited on the upper surface by e-beam evapora-
tion, and a polyimide (PI) layer is coated onto the electrode
for encapsulation. A layer of photoresist is spin-coated on
the electrode and patterned by mask aligner. Both the PI and
Cr/Au electrode layers are dry etched by reactive ion etching
and wet etched by a chemical etchant.

[0142] In this prototype, each ultrasound transducer com-
prises a single crystal of lead magnesium niobate-lead
titanate, that is, Pb(Mg, ;Nb,;)O0;—PbTiO, (PMN-PT).
This crystal exhibits high piezoelectric coefficients
(d;5>2000 pC/N) and high electromechanical coupling fac-
tors (k;;=0.85~0.95). Pitch is equal to a half wavelength
(0.5%), which is satisfactory for both: (a) microfabrication
and (b) avoiding side lobes (<0.6A, to avoid side lobes). A
row-column-addressed configuration of electrode connec-
tions: (a) reduces the number of interconnections by using a
modified transmit/receive switching scheme; and (b) per-
forms volumetric imaging of targets near the transducer
using transmit beamforming in azimuth and receive beam-
forming in elevation.

[0143] In this prototype, a backing layer comprises a
conductive epoxy mixture (E-SOLDER® 3022), which has
good acoustic performance. During fabrication, the backing
layer is centrifuged and lapped onto the single crystal
uniformly. A transparent epoxy (EPO-TEK® 301) is used to
fill the kerf and eliminate the transverse vibration of the
single crystals.

[0144] 1In this prototype, strain is reduced at the hard-
component/soft-substrate interface. It is desirable to reduce
the strain of this patch because the whole patch is rigid
locally and soft globally. In this prototype, the interface
between hard component (phased array) and soft substrate
(Ecoflex®) is the highest mechanical loading point upon
stretching of the device, due to the large difference in
Young’s modulus. The mechanical strain may be gradually
distributed from the phased array to outside matching.

[0145] In this prototype, the top and bottom electrode
connections are merged into one stretchable substrate, which
would not only reduce the microfabrication complexity and
avoids misalignment, but also improves the stretchability of
the whole device.

[0146] In this prototype, an entire ultrasound patch is
microfabricated in one batch, in a cleanroom facility. The
microfabrication of the ultrasound patch involves sequential
steps of spin-coating, baking, metallization, photolithogra-
phy, etching, and transfer printing. The row-column address-
ing phased array is formed by two dice-and-fill steps using
a (100)-poled PMN-PT single crystal with backing layer.
This step ensures that the electrical connections of the row
and column elements (64x64 elements) can be realized on
the same surface of the piezoelectric layer. Subsequently,
two dice-and-fill steps are carried along x- and y-axis
directions with a pitch of 100 um, and with Epoxy 301
(Epoxy Technology Inc.) being employed for filling/encap-
sulating.

[0147] The prototype described in the preceding nine
paragraphs is a non-limiting example of this invention. This
invention may be implemented in many other ways.
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Computers

[0148] In illustrative implementations of this invention,
one or more computers (e.g. servers, network hosts, client
computers, integrated circuits, microcontrollers, controllers,
microprocessors, fleld-programmable-gate arrays, personal
computers, digital computers, driver circuits, or analog
computers) are programmed or specially adapted to perform
one or more of the following tasks: (1) to control the
operation of, or interface with, hardware components of a
ultrasound imaging system, including any ultrasound trans-
ducer and any phased array; (2) to control localization
transducers; (3) to control transducers in a phased array to
perform beam steering; (4) to calculate a 3D image of a
volume of tissue, based on ultrasound measurements; (5) to
receive data from, control, or interface with one or more
patches; (6) to perform any other calculation, computation,
program, algorithm, or computer function described or
implied herein; (7) to receive signals indicative of human
input; (8) to output signals for controlling transducers for
outputting information in human perceivable format; (9) to
process data, to perform computations, and to execute any
algorithm or software; and (10) to control the read or write
of data to and from memory devices (tasks 1-10 of this
sentence being referred to herein as the “Computer Tasks™).
The one or more computers (e.g. 1304, 1401, 1403, 1404,
1405) may, in some cases, communicate with each other or
with other devices: (a) wirelessly, (b) by wired connection,
(c) by fiber-optic link, or (d) by a combination of wired,
wireless or fiber optic links.

[0149] In exemplary implementations, one or more con-
puters are programmed to perform any and all calculations,
computations, programs, algorithms, computer functions
and computer tasks described or implied herein. For
example, in some cases: (a) a machine-accessible medium
has instructions encoded thereon that specify steps in a
software program; and (b) the computer accesses the instruc-
tions encoded on the machine-accessible medium, in order
to determine steps to execute in the program. In exemplary
implementations, the machine-accessible medium may com-
prise a tangible non-transitory medium. In some cases, the
machine-accessible medium comprises (a) a memory unit or
(b) an auxiliary memory storage device. For example, in
some cases, a control unit in a computer fetches the instruc-
tions from memory.

[0150] In illustrative implementations, one or more com-
puters execute programs according to instructions encoded
in one or more tangible, non-transitory, computer-readable
media. For example, in some cases, these instructions com-
prise instructions for a computer to perform any calculation,
computation, program, algorithm, or computer function
described or implied herein. For instance, in some cases,
instructions encoded in a tangible, non-transitory, computer-
accessible medium comprise instructions for a computer to
perform the Computer Tasks.

Network Communication

[0151] In illustrative implementations of this invention,
electronic devices (e.g. 1304, 1401, 1403, 1404, 1405) are
each configured for wireless or wired communication with
other devices in a network.

[0152] For example, in some cases, one or more of these
electronic devices each include a wireless module for wire-
less communication with other devices in a network. Each
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wireless module (e.g. 1305) may include (a) one or more
antennas, (b) one or more wireless transceivers, transmitters
or receivers, and (c) signal processing circuitry. Each wire-
less module may receive and transmit data in accordance
with one or more wireless standards.

[0153] In some cases, one or more of the following
hardware components are used for network communication:
a computer bus, a computer port, network connection,
network interface device, host adapter, wireless module,
wireless card, signal processor, modem, router, cables and
wiring.

[0154] In some cases, one or more computers (e.g. 1304,
1401, 1403, 1404, 1405) are programmed for communica-
tion over a network. For example, in some cases, one or
more computers are programmed for network communica-
tion: (a) in accordance with the Internet Protocol Suite, or
(b) in accordance with any other industry standard for
communication, including any USB standard, ethernet stan-
dard (e.g. IEEE 802.3), token ring standard (e.g. IEEE
802.5), or wireless communication standard, including IEEE
802.11 (Wi-Fi®), IEEE 802.15 (Bluetooth®/Zighee®),
IEEE 802.16, IEEE 802.20, GSM (global system for mobile
communications), UMTS (universal mobile telecommuni-
cation system), CDMA (code division multiple access,
including IS-95, 1S-2000, and WCDMA), LTE (long term
evolution), or 5G (e.g. ITU IMT-2020).

Definitions

[0155] The terms “a” and “an”, when modifying a noun,
do not imply that only one of the noun exists. For example,
a statement that “an apple is hanging from a branch™: (i)
does not imply that only one apple is hanging from the
branch; (ii) is true if one apple is hanging from the branch;
and (iii) is true if multiple apples are hanging from the
branch.

[0156] To compute “based on” specified data means to
perform a computation that takes the specified data as an
input.

[0157] “Body part” means a part of a body of (a) a human

or (b) an animal.

[0158] The term “comprise” (and grammatical variations
thereof) shall be construed as if followed by “without
limitation”. If A comprises B, then A includes B and may
include other things.

[0159] A non-limiting example of region A being “differ-
ent than” region B occurs when region A partially overlaps
region B.

[0160] A digital computer is a non-limiting example of a
“computer”. An analog computer is a non-limiting example
of a “computer”. A computer that performs both analog and
digital computations is a non-limiting example of a “com-
puter”. However, a human is not a “computer”, as that term
is used herein.

[0161] “Computer Tasks” is defined above.

[0162] “Defined Term” means a term or phrase that is set
forth in quotation marks in this Definitions section.

[0163] For an event to occur “during” a time period, it is
not necessary that the event occur throughout the entire time
period. For example, an event that occurs during only a
portion of a given time period occurs “during” the given
time period.

[0164] The term “e.g.”” means for example.

[0165] The fact that an “example” or multiple examples of
something are given does not imply that they are the only
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instances of that thing. An example (or a group of examples)
is merely a non-exhaustive and non-limiting illustration.
[0166] Unless the context clearly indicates otherwise, to
say that X “extends” down Y describes a spatial extent of X
and does not describe movement of X.

[0167] Unless the context clearly indicates otherwise: (1)
a phrase that includes “a first” thing and “a second” thing
does not imply an order of the two things (or that there are
only two of the things); and (2) such a phrase is simply a way
of identifying the two things, so that they each may be
referred to later with specificity (e.g. by referring to “the
first” thing and “the second” thing later). For example, if a
device has a first socket and a second socket, then, unless the
context clearly indicates otherwise, the device may have
more than two sockets, and the first socket may occur in any
spatial order relative to the second socket. A phrase that
includes a “third” thing, a “fourth” thing and so on shall be
construed in like manner.

[0168] “For instance” means for example.

[0169] To say a “given” X is simply a way of identifying
the X, such that the X may be referred to later with
specificity. To say a “given” X does not create any impli-
cation regarding X. For example, to say a “given” X does not
create any implication that X is a gift, assumption, or known
fact.

[0170] “Herein” means in this document, including text,
specification, claims, abstract, and drawings.

[0171] A non-limiting example of an “image” is a visual
image that is displayed by an electronic display screen.
Another non-limiting example of an “image” is a set of data
that encodes or represents a visual image.

[0172] As used herein: (1) “implementation” means an
implementation of this invention; (2) “embodiment” means
an embodiment of this invention; (3) “case” means an
implementation of this invention; and (4) “use scenario”
means a use scenario of this invention.

[0173] The term “include” (and grammatical variations
thereof) shall be construed as if followed by “without
limitation™.

[0174] The “maximum dimension” of an object means the
longest Euclidian distance between any two points on the
exterior surface of the object.

[0175] Unless the context clearly indicates otherwise, “or”
means and/or. For example, A or B is true if A 1s true, or B
is true, or both A and B are true. Also, for example, a
calculation of A or B means a calculation of A, or a
calculation of B, or a calculation of A and B.

[0176] As used herein, a “phased array” or “ultrasound
phased array” means a phased array that is configured to
emit and to beam form ultrasound.

[0177] As used herein, the term “set” does not include a
group with no elements.

[0178] Unless the context clearly indicates otherwise,
“some” means one or more.

[0179] Skin “of” a body part means skin that is superficial
to the body part.

[0180] As used herein, a “subset” of a set consists of less
than all of the elements of the set.

[0181] “Substrate” means a layer or a sheet. A “substrate”
may have objects embedded in it. A “substrate” may be
curved or flat, and may bend or stretch as it changes shape.
As used herein, the term “substrate” does not create any
implication regarding the position of the substrate. For
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instance, the term “substrate” does not create any implica-
tion that the substrate is below any other object.

[0182] The term “such as” means for example.

[0183] As used herein, “time-of-flight” means an amount
of time that elapses while an ultrasound pulse travels from
a first location to a second location. “Times-of-flight” is the
plural form of “time-of-flight”.

[0184] As used herein, the terms “top”, “bottom” and
“side”, in the context of surfaces of an object: (a) describe
the position of the surfaces relative to each other; and (b) are
not affected by the orientation of the object relative to a
gravitational field. For instance: (a) the “top” and “bottom”
surfaces of an object are opposite each other; (b) the “top”
surface of an object continues to the “top” surface of the
object, even if the object is tilted or flipped over; and (c) the
“bottom” surface of an object continues to the “bottom”
surface of the object, even if the object is tilted or flipped
over. As used herein, the phrase “vertical height relative to”
an object means vertical height in a local coordinate system
of the object, in which local coordinate system “bottom” and
“top” are construed in the manner set forth in the preceding
sentence.

[0185] To say that a machine-readable medium is “tran-
sitory” means that the medium is a transitory signal, such as
an electromagnetic wave.

[0186] “Ultrasound image” means an image calculated
based on measurements of ultrasound.

[0187] Except to the extent that the context clearly
requires otherwise, if steps in a method are described herein,
then the method includes variations in which: (1) steps in the
method occur in any order or sequence, including any order
or sequence different than that described herein; (2) any step
or steps in the method occur more than once; (3) any two
steps occur the same number of times or a different number
of times during the method; (4) one or more steps in the
method are done in parallel or serially; (5) any step in the
method is performed iteratively; (6) a given step in the
method is applied to the same thing each time that the given
step occurs or is applied to a different thing each time that
the given step occurs; (7) one or more steps occur simulta-
neously; or (8) the method includes other steps, in addition
to the steps described herein.

[0188] Headings are included herein merely to facilitate a
reader’s navigation of this document. A heading for a section
does not affect the meaning or scope of that section.
[0189] This Definitions section shall, in all cases, control
over and override any other definition of the Defined Terms.
The Applicant or Applicants are acting as his, her, its or their
own lexicographer with respect to the Defined Terms. For
example, the definitions of Defined Terms set forth in this
Definitions section override common usage and any external
dictionary. If a given term is explicitly or implicitly defined
in this document, then that definition shall be controlling,
and shall override any definition of the given term arising
from any source (e.g. a dictionary or common usage) that is
external to this document. If this document provides clari-
fication regarding the meaning of a particular term, then that
clarification shall, to the extent applicable, override any
definition of the given term arising from any source (e.g. a
dictionary or common usage) that is external to this docu-
ment. Unless the context clearly indicates otherwise, any
definition or clarification herein of a term or phrase applies
to any grammatical variation of the term or phrase, taking
into account the difference in grammatical form. For
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example, the grammatical variations include noun, verb,
participle, adjective, and possessive forms, and different
declensions, and different tenses.

Variations

[0190] This invention may be implemented in many dif-
ferent ways. Here are some non-limiting examples:

[0191] In some implementations, this invention is a
method comprising: (a) transmitting ultrasound signals and
taking measurements of reflections of the signals, the trans-
mitting and taking measurements being performed by a set
of phased arrays embedded in a substrate, while the substrate
touches skin of a body part; (b) detecting, based on mea-
surements of other ultrasound signals, a set of three-dimen-
sional (3D) positions of the phased arrays, each 3D position
in the set of positions being a 3D position of a phased array
in the set of arrays; and (c¢) calculating an image of tissue in
the body part, based on the measurements of reflections and
on the 3D positions of the phased arrays. In some cases, the
image of tissue is a 3D image of a volume of the tissue. In
some cases, the body part is a breast of a woman. In some
cases, the body part is shoulder or knee. In some cases, the
body part is all or a portion of a finger, toe, wrist or ankle.
In some cases, the detecting includes, for each specific
phased array in the set of arrays, calculating location of the
specific phased array, based on time elapsed while ultra-
sound travels to the specific phased array from each of at
least three different ultrasound transducers in the substrate.
In some cases: (a) the substrate includes a set of ultrasound
transducers, other than the phased arrays; and (b) the detect-
ing includes, for each specific phased array in the set of
arrays (i) measuring times-of-flight of ultrasound that travels
to the specific phased array from each of at least three
ultrasound transducers in the substrate, which transducers
are not part of the phased arrays, (ii) calculating, based on
the times-of-flight, distances between the specific phased
array and each of the at least three transducers, and (iii)
calculating, based on the distances, a location of the specific
phased array relative to the three transducers. In some cases:
(a) the substrate includes a set of ultrasound transducers,
other than the phased arrays; and (b) the detecting includes,
for each specific phased array in the set of arrays (i)
measuring times-of-flight of ultrasound that travels to the
specific phased array from each of at least three ultrasound
transducers in the substrate, which transducers are not part
of the phased arrays, (ii) calculating, based on the times-of-
flight, distances between the specific phased array and each
of the at least three transducers, (iii) calculating, based on
the distances, an intersection of three spheres, and (iv)
determining that the specific phased array is located at the
intersection. In some cases: (a) the substrate includes a set
of ultrasound transducers, other than the phased arrays; and
(b) the detecting includes, for each specific phased array in
the set of arrays (i) measuring a first time-of-flight of
ultrasound that travels to the specific phased array from a
first transducer in the set of transducers, (ii) measuring a
second time-of-flight of ultrasound that travels to the spe-
cific phased array from a second transducer in the set of
transducers, (iii) measuring a third time-of-flight of ultra-
sound that travels to the specific phased array from a third
transducer in the set of transducers, (iv) calculating, based
on the first time-of-flight, a first distance between the
specific phased array and the first transducer, (v) calculating,
based on the second time-of-flight, a second distance
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between the specific phased array and the second transducer,
(vi) calculating, based on the third time-of-flight, a third
distance between the specific phased array and the third
transducer, and (vii) calculating that the specific phased
array is located at an intersection of three spheres, which
three spheres include a first sphere, second sphere and third
sphere, the first sphere being centered on the first transducer
and having a radius equal to the first distance, the second
sphere being centered on the second transducer and having
a radius equal to the second distance, and the third sphere
being centered on the third transducer and having a radius
equal to the third distance. In some cases, the transmitting
involves the phased arrays each performing beam steering.
In some cases, the taking measurements comprises measut-
ing ultrasound that reflects from a set of regions in the tissue,
in such a way that each phased array in the set of arrays
measures ultrasound that reflects from a specific region in
the set of regions, which specific region is different than that
for each other phased array in the set of arrays. In some
cases, each of the phased arrays is an array of piezoelectric
ultrasound transducers. In some cases, the substrate adheres
to the skin due to Van der Waals forces. Each of the cases
described above in this paragraph is an example of the
method described in the first sentence of this paragraph, and
is also an example of an embodiment of this invention that
may be combined with other embodiments of this invention.

[0192] Insome implementations, this invention is an appa-
ratus comprising: (a) an elastomeric substrate; (b) a set of
phased arrays that are embedded in the substrate; (c) a set of
transducers that are also embedded in the substrate; and (d)
one or more computers; wherein (i) the phased arrays are
configured to transmit ultrasound signals and take measure-
ments of reflections of the signals, while the substrate
touches skin of a body part, (ii) each specific phased array
in the set of arrays is configured to measure times-of-flight
of ultrasound signals that travel to the specific phased array
from each of at least three transducers in the set of trans-
ducers, and (iii) the one or more computers are programmed
(A) to calculate a set of three-dimensional (3D) positions of
the set of phased arrays, in in such a way that, for each
specific phased array in the set of arrays, 3D position of the
specific phased array is computed based on the times-of-
flight for the specific phased array, and (B) to calculate an
image of a tissue in the body part, based on the measure-
ments of reflections and on the set of 3D positions of the
phased arrays. In some cases, the image of tissue is a 3D
image of a volume of the tissue. In some cases, each of the
phased arrays is an array of piezoelectric ultrasound trans-
ducers. In some cases, the substrate is configured to adhere
to the skin due to Van der Waals forces. In some cases, each
specific array, in the set of phased arrays: (a) includes
piezoelectric ultrasound transducers; (b) also includes a
conductive component, and (c) is electrically connected to a
first set of wires and a second set of wires in such a way that
(i) the first set of wires physically touches a first surface,
which first surface is the top surface of the transducers in the
specific array, (ii) the second set of wires physically touches
a second surface, which second surface is the top surface of
the conductive component, which conductive component
extends from the second surface down a side of the specific
array and under the specific array and physically touches the
bottom side of the specific array, and (iii) the first and second
surfaces are at equal vertical heights relative to the specific
array. In some cases, for each given phased array in the set

13

Apr. 23,2020

of arrays, a layer of material: (a) is located between, and
physically touches, both the substrate and the given phased
array; (b) partially surrounds the given phased array; and (c)
has a Young’s modulus that is greater than or equal to 60
kilopascals and less than or equal to 2 gigapascals. In some
cases, the set of transducers are arranged in an annular
spatial pattern. Each of the cases described above in this
paragraph is an example of the apparatus described in the
first sentence of this paragraph, and is also an example of an
embodiment of this invention that may be combined with
other embodiments of this invention.

[0193] Each description herein (or in the Provisional) of
any method, apparatus or system of this invention describes
a non-limiting example of this invention. This invention is
not limited to those examples, and may be implemented in
other ways.

[0194] Each description herein (or in the Provisional) of
any prototype of this invention describes a non-limiting
example of this invention. This invention is not limited to
those examples, and may be implemented in other ways.
[0195] Each description herein (or in the Provisional) of
any implementation, embodiment or case of this invention
(or any use scenario for this invention) describes a non-
limiting example of this invention. This invention is not
limited to those examples, and may be implemented in other
ways.

[0196] Each Figure, diagram, schematic or drawing herein
(or in the Provisional) that illustrates any feature of this
invention shows a non-limiting example of this invention.
This invention is not limited to those examples, and may be
implemented in other ways.

[0197] The above description (including without limita-
tion any attached drawings and figures) describes illustrative
implementations of the invention. However, the invention
may be implemented in other ways. The methods and
apparatus which are described herein are merely illustrative
applications of the principles of the invention. Other
arrangements, methods, modifications, and substitutions by
one of ordinary skill in the art are also within the scope of
the present invention. Numerous modifications may be made
by those skilled in the art without departing from the scope
of the invention. Also, this invention includes without limi-
tation each combination and permutation of one or more of
the items (including any hardware, hardware components,
methods, processes, steps, software, algorithms, features,
and technology) that are described herein.

What is claimed:

1. A method comprising:

(a) transmitting ultrasound signals and taking measure-
ments of reflections of the signals, the transmitting and
taking measurements being performed by a set of
phased arrays embedded in a substrate, while the sub-
strate touches skin of a body part;

(b) detecting, based on measurements of other ultrasound
signals, a set of three-dimensional (3D) positions of the
phased arrays, each 3D position in the set of positions
being a 3D position of a phased array in the set of
arrays; and

(c) calculating an image of tissue in the body part, based
on the measurements of reflections and on the 3D
positions of the phased arrays.

2. The method of claim 1, wherein the image of tissue is

a 3D image of a volume of the tissue.
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3. The method of claim 1, wherein the body part is a breast
of a woman.

4. The method of claim 1, wherein the body part is
shoulder or knee.

5. The method of claim 1, wherein the body part is all or
a portion of a finger, toe, wrist or ankle.

6. The method of claim 1, wherein the detecting includes,
for each specific phased array in the set of arrays, calculating
location of the specific phased array, based on time elapsed
while ultrasound travels to the specific phased array from
each of at least three different ultrasound transducers in the
substrate.

7. The method of claim 1, wherein:

(a) the substrate includes a set of ultrasound transducers,

other than the phased arrays; and

(b) the detecting includes, for each specific phased array

in the set of arrays

(1) measuring times-of-flight of ultrasound that travels
to the specific phased array from each of at least
three ultrasound transducers in the substrate, which
transducers are not part of the phased arrays,

(i) calculating, based on the times-of-flight, distances
between the specific phased array and each of the at
least three transducers, and

(iii) calculating, based on the distances, a location of
the specific phased array relative to the three trans-
ducers.

8. The method of claim 1, wherein:

(a) the substrate includes a set of ultrasound transducers,

other than the phased arrays; and

(b) the detecting includes, for each specific phased array

in the set of arrays

(1) measuring times-of-flight of ultrasound that travels
to the specific phased array from each of at least
three ultrasound transducers in the substrate, which
transducers are not part of the phased arrays,

(ii) calculating, based on the times-of-flight, distances
between the specific phased array and each of the at
least three transducers,

(iii) calculating, based on the distances, an intersection
of three spheres, and

(iv) determining that the specific phased array is
located at the intersection.

9. The method of claim 1, whetrein:

() the substrate includes a set of ultrasound transducers,

other than the phased arrays; and

(b) the detecting includes, for each specific phased array

in the set of arrays

(1) measuring a first time-of-flight of ultrasound that
travels to the specific phased array from a first
transducer in the set of transducers,

(i) measuring a second time-of-flight of ultrasound that
travels to the specific phased array from a second
transducer in the set of transducers,

(iil) measuring a third time-of-flight of ultrasound that
travels to the specific phased array from a third
transducer in the set of transducers,

(iv) calculating, based on the first time-of-flight, a first
distance between the specific phased array and the
first transducer,

(v) calculating, based on the second time-of-flight, a
second distance between the specific phased array
and the second transducer,

Apr. 23,2020

(vi) calculating, based on the third time-of-flight, a
third distance between the specific phased array and
the third transducer, and

(vii) calculating that the specific phased array is located
at an intersection of three spheres, which three
spheres include a first sphere, second sphere and
third sphere, the first sphere being centered on the
first transducer and having a radius equal to the first
distance, the second sphere being centered on the
second transducer and having a radius equal to the
second distance, and the third sphere being centered
on the third transducer and having a radius equal to
the third distance.

10. The method of claim 1, wherein the transmitting
involves the phased arrays each performing beam steering.
11. The method of claim 1, wherein the taking measure-
ments comprises measuring ultrasound that reflects from a
set of regions in the tissue, in such a way that each phased
array in the set of arrays measures ultrasound that reflects
from a specific region in the set of regions, which specific
region is different than that for each other phased array in the
set of arrays.
12. The method of claim 1, wherein each of the phased
arrays is an array of piezoelectric ultrasound transducers.
13. The method of claim 1, wherein the substrate adheres
to the skin due to Van der Waals forces.
14. An apparatus comprising:
(a) an elastomeric substrate;
(b) a set of phased arrays that are embedded in the
substrate;
(c) a set of transducers that are also embedded in the
substrate; and
(d) one or more computers;
wherein
(1) the phased arrays are configured to transmit ultrasound
signals and take measurements of reflections of the
signals, while the substrate touches skin of a body part,
(i1) each specific phased array in the set of arrays is
configured to measure times-of-flight of ultrasound
signals that travel to the specific phased array from
each of at least three transducers in the set of trans-
ducers, and
(iii) the one or more computers are programmed

(A) to calculate a set of three-dimensional (3D) posi-
tions of the set of phased arrays, in in such a way
that, for each specific phased array in the set of
arrays, 3D position of the specific phased array is
computed based on the times-of-flight for the spe-
cific phased array, and

(B) to calculate an image of a tissue in the body part,
based on the measurements of reflections and on the
set of 3D positions of the phased arrays.

15. The apparatus of claim 14, wherein the image of tissue
is a 3D image of a volume of the tissue.

16. The apparatus of claim 14, wherein each of the phased
arrays is an array of piezoelectric ultrasound transducers.

17. The apparatus of claim 14, wherein the substrate is
configured to adhere to the skin due to Van der Waals forces.

18. The apparatus of claim 14, wherein each specific
array, in the set of phased arrays:

(a) includes piezoelectric ultrasound transducers;

(b) also includes a conductive component, and

(c) is electrically connected to a first set of wires and a

second set of wires in such a way that
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(i) the first set of wires physically touches a first
surface, which first surface is the top surface of the
transducers in the specific array,

(ii) the second set of wires physically touches a second
surface, which second surface is the top surface of
the conductive component, which conductive com-
ponent extends from the second surface down a side
of the specific array and under the specific array and
physically touches the bottom side of the specific
array, and

(iii) the first and second surfaces are at equal vertical
heights relative to the specific array.

19. The apparatus of claim 14, wherein, for each given
phased array in the set of arrays, a layer of material:
(a) is located between, and physically touches, both the
substrate and the given phased array;
(b) partially surrounds the given phased array; and
(c) has a Young’s modulus that is greater than or equal to
60 kilopascals and less than or equal to 2 gigapascals.
20. The apparatus of claim 14, wherein the set of trans-
ducers are arranged in an annular spatial pattern.
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