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generating images using the same. The laser-induced ultrasonic wave appar-
atus includes a laser source which irradiates a laser beam to a target object
and a thermoelastic material; a thermoelastic material which converts the
laser beam to a first ultrasonic wave and irradiates the first ultrasonic wave to
the target object; and a receiving unit which receives an echo acoustic wave
of the first ultrasonic wave and receives a second ultrasonic wave generated
by the target object due to the laser beam.



WO 20137165219 A1 W00V T VA0 O AU

GW, ML, MR, NE, SN, TD, TG).

(84) Designated States (unless otherwise indicated, for every Published:
kind of regional protection available): ARTIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



[1]

[2]

[3]

[4]

[5]

WO 2013/165219 PCT/KR2013/003876

Description

Title of Invention: LASER-INDUCED ULTRASONIC WAVE

APPARATUS AND METHOD
Technical Field

One or more embodiments relate to laser-induced ultrasonic wave apparatuses and
methods, including laser-induced ultrasonic wave apparatuses and methods generating

one or more images.

Background Art

When a laser beam irradiates a liquid material or a solid material, the liquid or solid
materials respectively absorbs light energy, and thus, heat energy becomes instantly
generated. This generation of heat also generates acoustic waves, e.g., ultrasonic
waves, due to a thermoelastic phenomenon. Here, respective absorptances and ther-
moelastic coefficients for different materials may also vary with respect to light
wavelengths of light energy irradiating the respective materials. Thus, when different
materials are irradiated with the same light energy, ultrasonic waves of different
pressure magnitudes may be generated by the respectively different materials. Such ul-
trasonic waves that may be generated can be used for analysis of select materials, non-
destructive diagnoses, photoacoustic tomography, etc.

Particularly, photoacoustic tomography may embody functional images that may be
helpful for diagnoses that rely on a functional analysis of the different absorptances of
tissues within the human body according to the light wavelengths of the light energy ir-

radiating such tissues.
Disclosure of Invention

Technical Problem

However, though such respective functional images or photoacoustic images may be
generated, e.g., when a particular tissue is irradiated by light energy, an acoustic image
or anatomical image for acoustical analysis is not generated based on the light energy
irradiating the particular tissue or multiple tissues because pressure magnitudes of
acoustic waves generated from the irradiation of only select tissues may be
measurable, reliable, or available for acoustical analysis. This is because most
materials making up the human body have low light energy absorptances, and thus,
except for particular tissues like blood vessels that have relatively larger light energy
absorptances, the pressure magnitudes of acoustic waves generated for such low light
energy absorptance tissues are relatively very small.

Accordingly, it is difficult to distinguish between different low light energy ab-

sorptance tissues when they generate respectively small pressure magnitude acoustic
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waves, especially considering detection resolutions and potential substantial simi-
larities between the relatively smaller pressure magnitude acoustic waves generated by
different low light energy absorptance tissues. Therefore, it is difficult to generate
anatomical images based on the thermoelastic phenomenon that can be used in an
acoustical diagnosis, e.g., an ultrasonic image based diagnosis, so only functional
images or photoacoustic images are generated by light energy irradiated, e.g., direct ir-

radiation, to tissues in a human body.
Therefore, for a diagnosis that is based on both the functional analysis and the

anatomical analysis, it is necessary to independently, i.e., using different acoustic
generating devices or elements and techniques, generate the photoacoustic tomography
image for the functional analysis and an anatomical image for anatomical analysis.

The anatomical image is typically based on acoustic waves, e.g., an ultrasound ul-
trasonic waves, generated by a piezoelectric device that are transmitted to, and
reflected from, tissues in the human body. The anatomical image can be a typical ul-
trasound image. However, when piezoelectric devices are used to generate the ul-
trasonic waves, characteristics of the generated ultrasonic waves, such as center
frequency and bandwidth, are fixed because a center frequency and bandwidth of a
generated ultrasonic wave are defined by the thickness of the piezoelectric device,
which is fixed. Accordingly, separate piezoelectric device probes are necessary for
generating respective ultrasonic waves with different center frequencies and
bandwidths, e.g., for respectively different diagnosis regions.

Solution to Problem

One or more embodiments include apparatuses and methods for simultaneously
obtaining images for anatomical analysis and images for functional analysis by using
laser-induced ultrasonic waves.

One or more embodiments include a laser-induced ultrasonic wave apparatus, the
apparatus including a laser source to generate a laser beam and to respectively irradiate
a target object and a thermoelastic material with the generated laser beam, the ther-
moelastic material to generate a first acoustic wave based upon the irradiation of the
thermoelastic material by the laser beam, and to transmit the first acoustic wave to the
target object, and a receiving unit to receive and transduce an echo acoustic wave of
the first acoustic wave, as reflected from the target object, and receive and transduce a
second acoustic wave generated by the irradiation of the target object by the laser
beam.

One or more embodiments include a laser-induced ultrasonic wave method, the
method including generating a laser beam and irradiating a target object and a ther-

moelastic material with the generated laser beam, receiving and transducing an echo
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acoustic wave, from the target object, as a reflection of a first acoustic wave
transmitted to the target object from the thermoelastic material upon the thermoelastic
material being irradiated by the laser beam, and receiving and transducing a second
acoustic wave transmitted from the target object upon the target object being irradiated

by the laser beam.
Additional aspects will be set forth in part in the description which follows and, in

part, will be apparent from the description, or may be learned by practice of the

presented embodiments.

Advantageous Effects of Invention

according to the one or more of the above embodiments, the laser-induced ultrasonic
wave apparatus may generate ultrasonic waves with different properties according to
materials to which a laser beam from a laser source is incident, so an image for
functional analysis and an image for anatomical analysis may be obtained together.

Furthermore, in one or more embodiments, the laser-induced ultrasonic wave
apparatus may generate ultrasonic waves by using a single laser beam, so an image for
anatomical analysis and an image for functional analysis may be generated simul-
taneously, resulting in a simplified apparatus and method compared to a conventional
ultrasonic wave devices that generate ultrasonic waves by using electric signal/acoustic
wave transducers.

Furthermore, in one or more embodiments, ultrasonic waves may be generated by
adjusting characteristics of a single laser beam based on a type of a target object that is
to be irradiated by the laser beam and that is to be transmitted an acoustic wave
generated by the laser beam irradiation of the thermoelastic material layer, resulting in
an easier and simpler approach to adjusting ultrasonic waves as compared to a con-
ventional generation of ultrasonic waves necessitating using one or more electric
signal/acoustic wave transducers.

Brief Description of Drawings

These and/or other aspects will become apparent and more readily appreciated from
the following description of the embodiments, taken in conjunction with the ac-
companying drawings in which:

FIG. 1a is a graph illustrating pressure magnitudes of laser-induced acoustic waves
according to a selectively changed pulse width of a laser beam, according to one or
more embodiments;

FIG. 1b is a graph illustrating pressure magnitudes of laser-induced acoustic waves
according to a selectively changed pulse fluence of a laser beam, according to one or
more embodiments;

FIG. 1c is a graph illustrating pressure magnitudes of laser-induced acoustic waves
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according to respective absorption coefficients of materials to which a laser beam has

been irradiated, according to one or more embodiments;
FIG. 1d is a graph illustrating pressure magnitudes and wavelengths of laser-induced

acoustic waves according to a selectively changed pulse width of a laser beam in time,
according to one or more embodiments;

FIG. 2a is a graph illustrating acoustic pressure magnitudes of an ultrasound wave,
generated by a piezoelectric device, according to time and frequency;

FIG. 2b is a graph illustrating example acoustic pressure magnitudes of an ultrasound
wave, generated by a thermoelastic material layer as a pulse laser beam is irradiated
thereto, according to time and frequency, according to one or more embodiments;

FIG. 3 is a schematic block diagram of a laser-induced ultrasonic wave apparatus,
according to one or more embodiments;

FIG. 4 is a diagram illustrating a combination relationship between a receiving unit
and a thermoelastic material layer, such as shown in FIG. 3, according to one or more
embodiments;

FIGS. 5a through 5d are diagrams illustrating different example combination
relations between a receiving unit and a thermoelastic material layer, such as shown in
FIG. 3, according to one or more embodiments; and

FIG. 6 is a flowchart illustrating a method of generating an image by using laser-

induced ultrasonic waves, according to one or more embodiments.

Best Mode for Carrying out the Invention

the laser-induced ultrasonic wave apparatus may generate ultrasonic waves with
different properties according to materials to which a laser beam from a laser source is
incident, so an image for functional analysis and an image for anatomical analysis may
be obtained together.

Furthermore, in one or more embodiments, the laser-induced ultrasonic wave
apparatus may generate ultrasonic waves by using a single laser beam, so an image for
anatomical analysis and an image for functional analysis may be generated simul-
taneously, resulting in a simplified apparatus and method compared to a conventional
ultrasonic wave devices that generate ultrasonic waves by using electric signal/acoustic
wave transducers.

Furthermore, in one or more embodiments, ultrasonic waves may be generated by
adjusting characteristics of a single laser beam based on a type of a target object that is
to be irradiated by the laser beam and that is to be transmitted an acoustic wave
generated by the laser beam irradiation of the thermoelastic material layer, resulting in
an easier and simpler approach to adjusting ultrasonic waves as compared to a con-

ventional generation of ultrasonic waves necessitating using one or more electric
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signal/acoustic wave transducers.
Mode for the Invention

Reference will now be made in detail to embodiments, examples of which are il-
lustrated in the accompanying drawings, wherein like reference numerals refer to like
elements throughout. In this regard, the present embodiments may have different forms
and should not be construed as being limited to the descriptions set forth herein. Ac-
cordingly, the embodiments are merely described below, by referring to the figures, to
explain aspects of the present description. In addition, expressions such as " at least
one of", when preceding a list of elements, modify the entire list of elements and do
not modify the individual elements of the list.

As noted above, and in one or more embodiments, photoacoustic tomography may
embody functional images that may be helpful for a diagnosis by relying on the
different absorptances of tissues in the human body with respect to the same or
different light wavelengths. However, many materials making up the human body have
low light energy absorptances, and thus the pressure magnitudes of acoustic waves
generated for such low light energy absorptance tissues may be very small, e.g.,
compared to tissues that have higher light energy absorptances, such as blood vessels,
as only an example. Therefore, it may be difficult to generate anatomical images for
such low energy absorptance tissues that can be used in an ultrasonic diagnosis. Ac-
cordingly, in one or more embodiments a combination of a photoacoustic tomography
image for functional analysis and an image for anatomical analysis for a diagnosis may
be made available, and in one or more embodiments such separate images may be
made available using a single light energy source, and may be obtained simul-
taneously.

According to one or more embodiments, a laser-induced ultrasonic wave apparatus
may be a diagnosis apparatus for determining whether a tumor has formed in a patient
s body, that is, a target object, by using ultrasonic waves that are laser-induced by a
laser. In one or more embodiments, a pulse laser may be employed. Furthermore, as
only an example and depending on embodiment, a pulse width of the laser beam may
differently be nano-sized or pico-sized, i.e., respectively on the order of 10~ seconds or
1012 seconds.

As defined herein, a laser-induced acoustic wave is generated as energy of a laser
beam, absorbed by a thermoelastic material, is converted to pressure. When a laser
beam having an energy density (I(x, y, z, t)) irradiates a thermoelastic material, the
thermoelastic material may absorb heat H as shown in the below Equation 1, as only an
example.

Equation 1:
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[35] Here, R denotes a reflection coefficient of a thermoelastic material at a particular
light wavelength, u denotes an absorption coefficient of the thermoelastic material at a
particular wavelength, and z denotes distance in a direction perpendicular to a surface
of the thermoelastic material relative to the laser.

[36] Furthermore, a change of temperature T may occur at the thermoelastic material as
shown in the below Equation 2, as only an example, and, due to the change of tem-
perature T, a volume V of the thermoelastic material may change as shown in the
below Equation 3, also as only an example.

[37] Equation 2:

[38] k 02T T

czgz tPC - = V(- VT) +H
[39] Equation 3:
[40] 92 (dv o%T

ot? (7) ~Poe

[41] Here, k denotes thermal conductivity, C denotes heat propagation speed, pdenotes
density of the thermoelastic material, Cp denotes specific heat of the thermoelastic
material, and [3 denotes a corresponding thermal coefficient with respect to volume
expansion.

[42] As aresult, an acoustic wave having a pressure P, such as shown in the below
Equation 4, as only an example, may be generated by the change of the volume V of
the thermoelastic material.

[43] Equation 4:

[44] 1<vz _ 16_2> P _0_2<d_V>

p v ot? a2\ v
[45] Here, v, denotes velocity of the acoustic wave.
[46] According to one or more embodiments, FIG. 1a is a graph illustrating example

different pressure magnitudes of laser-induced acoustic waves according to a se-
lectively changed pulse width of a laser beam, e.g., incident on a thermoelastic
material, FIG. 1b is a graph illustrating example different pressure magnitudes of laser-
induced acoustic waves according to a selectively changed pulse fluence of a laser
beam, e.g., incident on the thermoelastic material, FIG. 1c is a graph illustrating
example different pressure magnitudes of laser-induced acoustic waves according to
respective absorption coefficients of materials to which a laser beam may be irradiated,
and FIG. 1d is a graph illustrating example different pressure magnitudes and
wavelengths of respective laser-induced acoustic waves according to several respective

selectively changed pulse widths of a laser beams in time, according to one or more
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[47] FIG. 1a demonstrates at least that the smaller the pulse width of a laser beam is, the

[48]

[49]

larger the pressure magnitude of a laser-induced acoustic wave becomes, FIG. 1b
demonstrates at least that the greater the fluence of a laser beam is, the larger the
pressure magnitude of a laser-induced acoustic wave becomes, FIG. 1¢ demonstrates at
least that the greater the absorption coefficient of a material to which a laser beam is ir-
radiated, the larger the pressure magnitude of a laser-induced acoustic wave becomes,
and FIG. 1d demonstrates changes in wavelength of the laser-induced acoustic wave
according to pulse widths of a laser beam. In addition, as the pulse width of an acoustic
wave is controlled to increase, the wavelength of an acoustic wave increases, and thus
a center frequency and bandwidth of the acoustic wave may be changed. FIGS. 1a-1d
represent characteristics of laser-induced acoustic waves generated by either of the
laser beam irradiating a thermoelastic material, e.g., the thermoelastic material layer il-
lustrated in FIG. 3, or the laser beam directly irradiating a material whose pho-
toacoustic image is desired, such as the target object illustrated in FIG. 3, for example.

Therefore, when a pulse laser irradiates a tissue in a body, e.g., a human body,
(referred to hereinafter as the 'target object’, the target object generates an acoustic
wave due to a thermoelastic phenomenon. Accordingly, the pressure magnitude of this
generated acoustic wave may vary according to a pulse width of a laser beam, a pulse
fluence of a laser beam, a laser absorption coefficient of the target object, a laser re-
flection coefficient, specific heat, a thermal expansion coefficient of a target object,
velocity of the acoustic wave, etc., as only examples. In addition, since different center
frequencies of the first acoustic wave may be desired for different target objects or
regions in the body, different center frequencies of the first acoustic wave may be se-
lectively changed by changing characteristics of the laser beam.

Therefore, when pulse laser beams irradiate target objects, acoustic waves having
different pressure magnitudes are generated depending on a type of the target object
being irradiated. Particularly, an acoustic wave generated by a target object may be an
ultrasonic wave. Thus, a pulse laser beam having a known pulse width and a known
pulse fluence for generating an ultrasonic wave from a target object may be used to
generate an image or determine the type of the object. The type of the object may be
that of an expected tissue type, or represent a type of object that is different from the
expected tissue type, e.g., demonstrating a lesion or tumor. Such determination of
expected type or non-expected type may be made based upon comparisons of charac-
teristics of the received acoustic wave transmitted by the object that is being irradiated,
such as whether the bandwidth or wavelength of the received acoustic wave cor-
responds to an expected relationship between the expected absorption coefficient of the

object and the known pulse width, fluence, and frequency of the laser beam.
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Furthermore, when a pulse laser beam irradiates to a thermoelastic material, since the
thermoelastic material has a known high laser absorption coefficient, the thermoelastic
material generates an acoustic wave of several atmospheric pressures. Furthermore, an
acoustic wave generated by the thermoelastic material may be an ultrasonic wave. In
other words, a pulse laser beam having a selectively changed pulse width and/or se-
lectively changed pulse fluence for generating an ultrasonic wave from the ther-
moelastic material may be used. According to one or more embodiments, an
anatomical image equivalent to that of a conventional ultrasonic wave diagnosis
apparatus may be obtained by transmitting an ultrasound wave generated by a ther-
moelastic material to a target object.

FIG. 2a is a graph illustrating changes in sound pressure magnitudes of an ultrasound
wave, which is generated by a conventional piezoelectric device, according to time and
frequency, and FIG. 2b is a graph showing sound pressure magnitudes of an ultrasound
wave, which is generated by irradiating a thermoelastic material with a pulse laser
beam to, according to time and frequency.

As shown in FIGS. 2a and 2b, even if ultrasonic waves in the same center frequency
band could be generated by a conventional piezoelectric device approach and a ther-
moelastic material according to one or more embodiments, a wavelength of the ul-
trasonic wave generated by the thermoelastic material is relatively short as compared
to that of the ultrasonic wave generated by the piezoelectric device. Therefore, axial-
direction resolution may be improved by using an ultrasonic wave generated by a ther-
moelastic material. In addition, such a conventional piezoelectric device would only
generate ultrasonic waves with a fixed center frequency band, thereby requiring plural
different piezoelectric devices to generate respectively different ultrasonic waves
having different center frequencies. Rather, according to one or more embodiments,
different ultrasonic waves may be generated from irradiation of laser beams with
different selected characteristics from a same laser, so the center frequencies of the re-
spective ultrasonic waves generated by the irradiated thermoelastic material can be
changed as desired, e.g., as desired by a user or through automatic selection.

FIG. 3 is a schematic block diagram of such a laser-induced ultrasonic wave
apparatus 10, according to one or more embodiments.

As shown in FIG. 3, the laser-induced ultrasonic wave apparatus 10 (referred to
hereinafter as an 'ultrasonic wave apparatus’) may include a laser source 110 which ir-
radiates a laser beam, or respectively split laser beams from the laser source 110, to a
target object 20 and a thermoelastic material layer 122, with the thermoelastic material
layer 122 convertingt a part of the laser beam to a first ultrasonic wave and irradiates
the first ultrasonic wave to the target object 20, and a receiving unit 124 which receives

an echo or reflection of the first ultrasonic wave from the target object 20 and a second
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ultrasonic wave generated by the target object 20 due to the direct irradiation of the
laser beam to the target object 20. In one or more embodiments, the thermoelastic
material layer 122 and the receiving unit 124 may be arranged in a single housing. For
example, the thermoelastic material layer 122 and the receiving unit 124 may be
arranged in an ultrasonic wave probe 120.

The laser source 110 may selectively generate laser beams with selectively different
characteristics that induce ultrasonic waves from the target object 20 and the ther-
moelastic material layer 122. For example, the laser beams may be pulse laser beams,
and a pulse width of the laser beams may be nano-sized or pico-sized.

Accordingly, the laser source 110 may be controlled to irradiate a laser beam to the
target object 20 and the thermoelastic material layer 122. If the laser beam from the
laser source is split into a laser beam irradiated to the target object 20 and a laser beam
irradiated to the thermoelastic material layer 122, the split laser beams may have the
same pulse width and the same pulse fluence as well as other characteristics. Alter-
natively, the split laser beams may be subsequently modified to have different pulse
widths and/or different pulse fluences, or the laser source 110 may be controlled to
irradiate respective different laser beams at different times with different pulse widths
and/or different pulse fluences. A single laser source 110 may simultaneously re-
spectively irradiate the split laser beams or the modified split laser beams to the target
object 20 and the thermoelastic material layer 122. Since the target object 20 and the
thermoelastic material layer 122 are spatially apart from each other, when the laser
source 110 irradiates respective laser beams to the target object 20 and the ther-
moelastic material layer 122, the laser beams may be partially irradiated to the target
object 20, partially irradiated to the thermoelastic material layer 122, and partially ir-
radiated elsewhere, for example.

In one or more embodiments, when a laser beam from the laser source 110 is
controlled to irradiate the target object 20 and the thermoelastic material layer 12 at
different times, the laser source 110 may alternate between the irradiating the laser
beam to the target object 20 and the irradiating the laser beam to the thermoelastic
material layer 122. There may also be plural irradiations of the laser beam to either of
the target object 20 or the thermoelastic material layer 12 before alternating to irradiate
the laser beam to the target object 20 or the thermoelastic material layer 12 that was
not the immediately previous irradiated target. For example, the laser source 110 may
alternately irradiate a laser beam to the target object 20 and the thermoelastic material
layer 122 by a period or by several periods. Particularly, in one or more embodiments,
if it is impossible to induce ultrasonic waves from the target object 20 and the ther-
moelastic material layer 122 by using the same laser beam or the split laser beams with

the same characteristics, e.g., based upon differently needed laser beam characteristics
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or a physical configuration of a respective embodiment, the laser source 110 may al-
ternately irradiate a laser beam to the target object 20 and the thermoelastic material
layer 122, respectively adjusting at least one of a pulse width and a pulse fluence of the
laser. Accordingly, in one or more embodiments, ultrasonic waves may be generated
by the target object 20 and the thermoelastic material layer 122 based upon irradiation
of light energy from a single laser source 110.

When the laser source 110 is controlled so that a laser beam is wholly or partially ir-
radiated to the thermoelastic material layer 122, a first ultrasonic wave is generated due
to a thermoelastic phenomenon. The first ultrasonic wave is transmitted to the target
object 20, where the incident first ultrasonic wave is partially absorbed by the target
object 20 and the remainder of first ultrasonic wave is reflected by the target object 20.
Next, the receiving unit 124 may receive an echo or reflected acoustic wave from the
target object 20, that is, an echo or reflection of the first ultrasonic wave. In one or
more embodiments, the thermoelastic material layer 122 may be formed of a material
with excellent or satisfactory thermoelasticity, such as the example thermoelastic
material layer used for the generation of the graphs of FIGS. la-1d, noting that
alternate thermoelastic material layers having different relatively high absorption co-
efficient values may be equally used. In one or more embodiments, as only example,
the thermoelastic material layer 122 may be formed of at least one of a metal, such as
Cr, Ti, Au, Al, etc., a carbon-based material, such as carbon nanotubes (CNT), a semi-
conductor material, such as silicon, and a polymer material, such as polydimethyl-
siloxane (PDMS).

Furthermore, in one or more embodiments, a laser beam is directly irradiated from
the laser source 110 to the target object 20. The target object 20 also generates a
second ultrasonic wave due to a thermoelastic phenomenon. Since the thermoelastic
material layer 122 and the target object 20 have different laser absorption coefficients,
frequency bands and pressure magnitudes of the first ultrasonic wave generated by the
thermoelastic material layer 122 and the second ultrasonic wave generated by the
target object 20 may differ. Generally, the thermoelastic material layer 122 has a
relatively greater absorption coefficient than the target object 20 resulting in a large
pressure magnitude, while a pressure magnitude of the second ultrasonic wave
generated by the target object 20 is smaller than that of the first ultrasonic wave
generated by the thermoelastic material layer 122. In one or more embodiments, the
second ultrasonic wave generated by the target object 20 is also received by the
receiving unit 124.

In such an embodiment, the receiving unit 124 may recieve the echo or reflected
acoustic wave of the first ultrasonic wave and receive the second ultrasonic wave. Fur-

thermore, the receiving unit 124 may include transducers which convert ultrasonic



11

WO 2013/165219 PCT/KR2013/003876

[61]

[62]

[63]

[64]

waves to electric signals. For example, the transducers may be piezoelectric micro-
machined ultrasonic wave transducers (pMUT) which convert ultrasonic waves to
electric signals via oscillation. The piezoelectric material may be a piezoelectric
ceramic which induces a piezoelectric phenomenon, or a composite piezoelectric
material formed by combining the piezoelectric material with a polymer material. Fur-
thermore, the transducers may be capacitive micromachined ultrasonic transducers
(cMUT), magnetic micromachined ultrasonic transducers (mMUT), optical ultrasonic
wave detectors, etc., noting that alternatives are also available.

In one or more embodiments, the converted electric signals, resulting from the
conversion of the received echo or reflected acoustic wave of the first acoustic wave
and the received second acoustic wave may be analog signals. The receiving unit 124
may generate a first electric signal, generated by converting a received echo or
reflected acoustic wave of the first ultrasonic wave, to a first signal processing unit 132
and generate a second electric signal, generated by converting the received second ul-
trasonic wave, to a second signal processing unit 134. The receiving unit 124 may dis-
tinguish between the received acoustic waves by by comparing at least one of
frequency band, pressure magnitude, and time of the first ultrasonic wave to the
received second ultrasonic wave, as only an example.

A signal processing unit 130 may generate an image or respective images by signal-
processing the generated first and second electric signals. For example, the signal
processing unit 130 may convert the first and/or second electric signals to respective
first and second digital signals. Next, in consideration of locations of transducers and a
focal point of the receiving unit 124, the signal processing unit 130 may generate a
reception focus signal by reception-focusing the first and second digital signals. Ac-
cordingly, the signal processing unit 130 may form an image by using the reception
focus signal. The signal processing unit 130 may perform various signal processes for
forming an image, e.g., gain control, filtering, etc., on the reception focus signal.

The signal processing unit 130 may include the first signal processing unit 132 that
controls the generation of a first image by processing first electric signals corre-
sponding to the received echo or reflected acoustic wave of the first ultrasonic wave
and the second signal processing unit 134 may generate a second image by processing
second electric signals corresponding to the received second ultrasonic wave. As only
an example, the first image may includes a brightness (B) mode image, a Doppler (D)
mode image, a color-Doppler (C) mode image, an elastic image, a 3-dimensional
image, etc.

An image combining unit 140 may generate a third image by combining the first
image with the second image. The first image and the second image may be combined

with each other based on a particular point of a target object, for example. Though
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combination of such first and second images corresponding to one or more em-
bodiments is not known, since general techniques for combining a plurality of images
are well known in the art, further detailed description thereof is omitted. Next, a
display unit 150 may be controlled to display the third image generated by the image
combining unit 140. If necessary, the display unit 150 may be controlled to display the
first image or the second image. Alternatively, the display unit 150 may be controlled
to simultaneously display at least two of the first through third images. Depending on
embodiment, if the display unit 150 displays the first image or the second image, a
process of the image combining unit 140 may be bypassed.

Furthermore, a control unit 160 controls one or more of the aforementioned
components of the ultrasonic wave apparatus 10, e.g., according to user instructions
input via an operating console 170, or based upon an automated plan. The operating
console 170 may receive data input by the user. As only examples, the operating
console 170 may include a control panel, a keyboard, a mouse, a touch pad or screen,
etc., and the operating console 170 may also be physically separated from one or more
remaining components of the laser-induced ultrasonic wave apparatus 10, such as a
portable computing device, such as a tablet computer.

Accordingly, in one or more embodiments, different ultrasonic waves may be
generated from irradiation of selectively different laser beams from a same laser in the
ultrasonic wave apparatus 10, with the single laser being controlled to irradiate both
the thermoelastic material layer and target object, and with the irradiation to both the
thermoelastic material layer and target object being controlled to occur simultaneously.
For example, in one or more embodiments, a laser beam generated by the laser may be
split into two laser beams, i.e., thereby duplicating the laser beam generated by the
laser, and the two laser beams may be respectively directed to the thermoelastic
material layer and the target object simultaneously. In one or more embodiments, the
respectively generated ultrasonic waves may also be received and converted to re-
spective electrical signals at the same time, e.g., by the receiving unit. Further, in one
or more embodiments, as noted above, the pulse width and fluence of the laser beam
may be selectively controlled based upon properties of the target object. Similarly, a
center frequency and bandwidth of the acoustic wave generated by the thermoelastic
material layer may be changed by selectively changing the pulse width, e.g., with an
increase in the pulse width resulting in an increase in the wavelength of the acoustic
wave generated by the thermoelastic material layer.

FIG. 4 is a diagram illustrates a configured combination of the receiving unit 124 and
the thermoelastic material layer 122, such as illustrated in FIG. 3, according to one or
more embodiments.

As shown in FIG. 4, the thermoelastic material layer 122 and the receiving unit 124
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may be arranged in a single ultrasonic wave probe 120. For example, in a direction
from the target object 20 to the ultrasonic wave probe 120, the ultrasonic wave probe
may be configured as illustrated in the order of the thermoelastic material layer 122
and the receiving unit 124, Therefore, in such an embodiment, when the laser source
110 irradiates a laser beam to the thermoelastic material layer 122, the potential
receiving of the laser beam by the receiving unit 124 may be minimized.

Furthermore, in one or more embodiments, a matching layer 121, which may match a
sound impedance of an ultrasound wave to a sound impedance of the target object 20,
may be arranged on a front or illustrated bottom surface of the thermoelastic material
layer 122. The matching layer 121 may change sound impedance of the first ultrasonic
wave generated by the thermoelastic material layer 122 in stages, for example, such
that a sound impedance of the first ultrasonic wave becomes close to that of the target
object 20. Here, the front or bottom surface of the thermoelastic material layer 122
may refer to a surface of the thermoelastic material layer 122 that is closest to the
target object 20 while the first ultrasonic wave is being irradiated to the target object
20, whereas a rear surface of the thermoelastic material layer 122 may refer to the
surface opposite to the front surface, as illustrated in FIG. 4 as being adjacent to the
front or bottom surface of substrate 123. The matching layer 121 may be formed in a
linear shape on the front surface of the thermoelastic material layer 122, noting that
embodiments are not limited thereto. When manufactured, the matching layer 121 may
be formed on a portion of the thermoelastic material layer 122, with the matching layer
121 having a single layer structure or a multi layer structure. The matching layer 121
may be formed of polydimethylsiloxane (PDMS), as only an example.

Furthermore, the substrate 123 may be arranged between the thermoelastic material
layer 122 and the receiving unit 124. The substrate 123 supports the receiving unit 124
and the thermoelastic material layer 122 to form a single body and may be formed of a
material with high laser transmissivity, so that a laser beam may irradiate the ther-
moelastic material layer 122 through the substrate 123. Furthermore, a material con-
stituting the substrate 123 may also have high ultrasonic wave transmissivity, so that
the received echo or reflected acoustic wave of the first ultrasonic wave and the
received second ultrasonic wave traverse through the substrate 123 are capable of
being received by the receiving unit 124, e.g., without a loss. The substrate 123 may be
formed of quartz, fused silica, glass, etc., as only examples.

Furthermore, to minimize loss of ultrasonic waves received by the receiving unit 124,
a thickness of the thermoelastic material layer 122 may be smaller than expected
wavelengths of the received echo or reflected acoustic wave of the first ultrasonic
wave and the received second ultrasonic wave. For example, the thermoelastic material

layer 122 may be formed as a thin-film and may have a thickness from about 10nm to
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about 100nm. Therefore, in one or more embodiments, even if the received echo or
reflected acoustic wave of the first ultrasonic wave transitions through the ther-
moelastic material layer 122, the properties of the echo or reflected wave of the first ul-
trasonic wave may not be significantly altered by the thermoelastic material layer 122.

FIGS. 5a through 5d are diagrams illustrating alternative configurations of example
combinations of a receiving unit and a thermoelastic material layer, according to one or
more embodiments.

As shown in FIG. 5a, again, in the direction of the target object 20 to the ultrasonic
wave probe 220, a substrate 223 and a receiving unit 224 may be arranged below a
portion of a thermoelastic material layer 222. In this case, again, the effects of a laser
beam on the receiving unit 224 may be minimized. Alternatively, as shown in FIG. 5b,
a thermoelastic material layer 322 and a receiving unit 324 may be arranged side-
by-side below a matching layer 321. In this case, loss of ultrasonic waves due to the
thermoelastic material layer 322 may be minimized.

Alternatively, as shown in FIG. 5S¢, again, in the direction of the target object 20 to
the ultrasonic wave probe 220 along the direction in which the echo or reflected
acoustic wave of the first ultrasonic wave propagates, an ultrasonic wave probe 420c
may be configured so a receiving unit 424 and a thermoelastic material layer 422 are
arranged in the illustrated order, with the thermoelastic material layer 422 being
formed below the receiving unit 424, and the receiving unit 424 being formed below
the matching layer 421. Alternatively, as shown in FIG. 5d, a substrate 423 may be
arranged between the receiving unit 424 and the thermoelastic material layer 422 of
FIG. 5c.

FIG. 6 is a flowchart illustrating a method of generating an image by using laser-
induced ultrasonic waves, according to one or more embodiments. Below, references
to components of the laser-induced ultrasonic wave apparatus 10 of FIG. 3 will be used
to explain the operations of FIG. 6, though method embodiments are not limited to a
particular arrangement or configuration of one or more of such components illustrated
in FIG. 3.

Referring to FIG. 6, the laser source 110 may irradiate laser beams to the target
object 20 and the thermoelastic material layer 122 (operation S610). The laser beams
generated by the laser source 110 may be pulse laser beams. The laser source 110 may
irradiate laser beams to the target object 20 and the thermoelastic material layer 122 si-
multaneously or may irradiate a laser beam to the target object 20 and the ther-
moelastic material layer 122 separately, e.g., in an alternating manner.

When a laser beam irradiates the thermoelastic material layer 122, the thermoelastic
material layer 122 generates a first ultrasonic wave (operation S620). The generated

first ultrasonic wave is transmitted to the target object 20. Here, the receiving unit 124
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may receive the echo or reflection acoustic wave of the first ultrasonic wave from the
target object 20 (operation S630).

Furthermore, when a laser beam is directly irradiated to the target object 20, the
target object 20 generates a second ultrasonic wave (operation S640). When the ther-
moelastic material layer 122 and the target object 20 have different ultrasonic wave ab-
sorption coefficients, ultrasonic wave reflection coefficients, specific heats, and/or
thermal expansion coefficients, the target object 20 generates the second ultrasonic
wave of which at least one of frequency band, pressure magnitude, and velocity is
different from corresponding characteristics of the first ultrasound wave. Here, the
receiving unit 124 may receive the second ultrasonic wave transmitted from the target
object 20 (operation S650).

The receiving unit 124 may receive the echo or reflected acoustic wave of the first ul-
trasonic wave and receive the second ultrasonic wave, transduce and convert the
received acoustic waves to digital signals, and apply the digital signals to the signal
processing unit 130. In the signal processing unit 130, the first signal processing unit
132 may generate a first image by processing first electric signals corresponding to the
received echo or reflected acoustic wave of the first ultrasonic wave (operation S660)
and the second signal processing unit 134 may generate a second image by processing
second electric signals corresponding to the received second ultrasonic wave
(operation S670). Depending on embodiment, the first image and the second image
may further be applied to the image combining unit 140.

The image combining unit 140 may generate a third image by combining the first
image with the second image (operation S680).

As described above, since different types of ultrasound waves may be generated by
using a single laser source, an image for functional analysis and an image for
anatomical analysis may be obtained together and simultaneously. Furthermore,
compared to conventional ultrasonic wave devices that transduce electric signals to ul-
trasonic waves, e.g., using piezoelectric devices for generating respective acoustic
waves having different center frequencies, a configuration of a laser-induced ultrasonic
wave apparatus, according to one or more embodiments, for ultrasonic wave
transmission may be more simple, efficient, and easier to manufacture. Furthermore,
according to one or more embodiments, the use of signal/acoustic wave transducers
may be used only in the receiving unit s reception and conversion to electric signals of
received ultrasonic waves. Thus such transducers used only in the reception and
conversion of ultrasonic waves may be designed so reception properties of the
transducers may be improved over conventional approaches where wavelengths of
acoustic waves generated by such a transducer for transmission to a target object are

ultimately similar to acoustic waves generated and transmitted by an irradiated target
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object. As another example, transducers may be designed by using a material which
features high efficiency for converting ultrasonic waves to electric signals and
broadband frequency properties that may not have been available in conventional
systems because transducers are used to generate the acoustic wave that is transmitted
to the target object.

Furthermore, in one or more embodiments, ultrasonic waves with different properties
may be generated by merely changing characteristics of the laser beam, e.g., according
to the type of the target object, so with differing configuration and method approach
embodiments it is easier to control ultrasonic waves as compared to the conventional
generation of ultrasonic waves using a transducer to generate acoustic waves. For
example, as noted above, a conventional ultrasonic wave apparatus using piezoelectric
devices must uses plural different piezoelectric devices according to a type of a target
object, e.g., to generate different acoustic waves with distinct center frequencies.
Rather, in one or more embodiments a laser-induced ultrasonic wave apparatus may
adjust frequencies of ultrasonic waves by merely changing characteristics of a single
laser beam .

As described above, according to the one or more of the above embodiments, the
laser-induced ultrasonic wave apparatus may generate ultrasonic waves with different
properties according to materials to which a laser beam from a laser source is incident,
so an image for functional analysis and an image for anatomical analysis may be
obtained together.

Furthermore, in one or more embodiments, the laser-induced ultrasonic wave
apparatus may generate ultrasonic waves by using a single laser beam, so an image for
anatomical analysis and an image for functional analysis may be generated simul-
taneously, resulting in a simplified apparatus and method compared to a conventional
ultrasonic wave devices that generate ultrasonic waves by using electric signal/acoustic
wave transducers.

Furthermore, in one or more embodiments, ultrasonic waves may be generated by
adjusting characteristics of a single laser beam based on a type of a target object that is
to be irradiated by the laser beam and that is to be transmitted an acoustic wave
generated by the laser beam irradiation of the thermoelastic material layer, resulting in
an easier and simpler approach to adjusting ultrasonic waves as compared to a con-
ventional generation of ultrasonic waves necessitating using one or more electric
signal/acoustic wave transducers.

In one or more embodiments, any apparatus, system, and unit descriptions herein
may include one or more hardware devices or hardware processing elements. For
example, in one or more embodiments, any described apparatus, system, and unit may

further include one or more desirable memories, and any desired hardware input/output
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transmission devices. Further, the term apparatus should be considered synonymous
with elements of a physical system, not limited to a single device or enclosure or all
described elements embodied in single respective enclosures in all embodiments, but
rather, depending on embodiment, is open to being embodied together or separately in
differing enclosures and/or locations through differing hardware elements.

In addition to the above described embodiments, embodiments can also be im-
plemented through computer readable code/instructions in/on a non-transitory medium,
e.g., a computer readable medium, to control at least one processing device, such as a
processor or computer, to implement any above described embodiment. The medium
can correspond to any defined, measurable, and tangible structure permitting the
storing and/or transmission of the computer readable code.

The media may also include, e.g., in combination with the computer readable code,
data files, data structures, and the like. One or more embodiments of computer-
readable media include: magnetic media such as hard disks, floppy disks, and magnetic
tape; optical media such as CD ROM disks and DVDs; magneto-optical media such as
optical disks; and hardware devices that are specially configured to store and perform
program instructions, such as read-only memory (ROM), random access memory
(RAM), flash memory, and the like. Computer readable code may include both
machine code, such as produced by a compiler, and files containing higher level code
that may be executed by the computer using an interpreter, for example. The media
may also be any defined, measurable, and tangible distributed network, so that the
computer readable code is stored and executed in a distributed fashion. Still further, as
only an example, the processing element could include a processor or a computer
processor, and processing elements may be distributed and/or included in a single
device. The processing element may be a specially designed computing device to
implement one or more of the embodiments described hererin.

The computer-readable media may also be embodied in at least one application
specific integrated circuit (ASIC) or Field Programmable Gate Array (FPGA), as only
examples, which execute (processes like a processor) program instructions.

While aspects of the present invention has been particularly shown and described
with reference to differing embodiments thereof, it should be understood that these em-
bodiments should be considered in a descriptive sense only and not for purposes of
limitation. Descriptions of features or aspects within each embodiment should typically
be considered as available for other similar features or aspects in the remaining em-
bodiments. Suitable results may equally be achieved if the described techniques are
performed in a different order and/or if components in a described system, architecture,
device, or circuit are combined in a different manner and/or replaced or supplemented

by other components or their equivalents.



18

WO 2013/165219 PCT/KR2013/003876

[91]

Thus, although a few embodiments have been shown and described, with additional
embodiments being equally available, it would be appreciated by those skilled in the
art that changes may be made in these embodiments without departing from the
principles and spirit of the invention, the scope of which is defined in the claims and

their equivalents.
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Claims

A laser-induced ultrasonic wave apparatus, the apparatus comprising:
a laser source to irradiate a target object and a thermoelastic material
with a laser beam;

the thermoelastic material to generate a first acoustic wave based upon
the irradiation of the thermoelastic material by the laser beam, and to
transmit the first acoustic wave to the target object; and

a receiving unit to receive and transduce an echo acoustic wave of the
first acoustic wave, as reflected from the target object, and receive and
transduce a second acoustic wave generated by the irradiation of the
target object by the laser beam.

The laser-induced ultrasonic wave apparatus of claim 1, further
comprising at least one image processor to simultaneously generate a
first image based on the received second acoustic wave and a second
image based on the received echo acoustic wave,

wherein the first image is generated to be a photoacoustic image for
functional analysis of the target object and the second image is
generated to be an anatomical image for acoustic analysis of at least the
target object.

The laser-induced ultrasonic wave apparatus of claim 2, further
comprising:

a user interface;

a display unit; and

a controller to control the at least one image processor to output at least
one of the first image and the second image to the display unit based
upon a user input detected by the user interface.

The laser-induced ultrasonic wave apparatus of claim 1, further
comprising a controller to selectively change a pulse width of the laser
beam based on properties the target object, wherein the thermoelastic
material is configured to generate respective acoustic waves with
different wavelengths based on the selectively changed pulse width of
the laser beam.

The laser-induced ultrasonic wave apparatus of claim 1, further
comprising a controller to selectively change a pulse width of the laser
beam based on properties the target object, wherein the thermoelastic
material is configured to generate respective acoustic waves with

different pressure magnitudes based on the selectively changed pulse
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width of the laser beam.

The laser-induced ultrasonic wave apparatus of claim 1, further
comprising a controller to selectively change a fluence of the laser
beam based on properties the target object, wherein the thermoelastic
material is configured to generate respective acoustic waves with
different pressure magnitudes based on the selectively changed fluence
of the laser beam.

The laser-induced ultrasonic wave apparatus of claim 1, wherein the
laser-induced ultrasonic wave apparatus is configured to split the laser
beam into a first laser beam and a second laser beam that both maintain
same characteristics as the laser beam, wherein the first laser beam is
optically directed to irradiate at least a portion of the target object
distinct from the second laser beam being optically directed to irradiate
at least a portion the thermoelastic material.

The laser-induced ultrasonic wave apparatus of claim 1, wherein the
laser source simultaneously irradiates at least a portion of the target
object with the laser beam and at least a portion of the thermoelastic
material with the laser beam.

The laser-induced ultrasonic wave apparatus of claim 1, further
comprising a controller to control the laser source to selectively
irradiate only the target object with the laser beam during a first time
period and irradiate only the thermoelastic material with the laser beam
during a second time period, wherein the first time period and the
second time period are sequential in time and occur while the receiving
unit is enabled to receive and transduce the echo acoustic wave and the
second acoustic wave.

The laser-induced ultrasonic wave apparatus of claim 9, wherein the
controller controls the laser source to generate the laser beam to have
respectively different characteristics during the first time period than
during the second time period based on properties the target object.
The laser-induced ultrasonic wave apparatus of claim 1, further
comprising a controller to selectively change characteristics of the laser
beam to change a center frequency of the first acoustic wave generated
by the thermoelastic material based on properties the target object.

The laser-induced ultrasonic wave apparatus of claim 1, wherein the
target object is a tissue, within a human body, having an absorption rate
smaller than an absorption rate of the thermoelastic material.

The laser-induced ultrasonic wave apparatus of claim 1, wherein a
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pulse width of the laser beam is nano-sized or pico-sized.

The laser-induced ultrasonic wave apparatus of claim 1, wherein the
thermoelastic material is formed of at least one of a metal, a semi-
conductor material, a carbon-based material, and a polymer material.
The laser-induced ultrasonic wave apparatus of claim 1, wherein the
thermoelastic material layer is formed as a thin-film having a thickness
less than respective wavelengths of the echo acoustic wave and the
second acoustic wave propagating from the target object.

The laser-induced ultrasonic wave apparatus of claim 1, wherein the
receiving unit comprises at least one transducer to perform the
transducing of the received echo acoustic wave and the transducing of
the received second acoustic wave to respective electric signals,
wherein the at least one transducer includes at least one of a piezo-
electric micromachined ultrasonic transducer (pMUT), capacitive mi-
cromachined ultrasonic transducer (cMUT), magnetic micromachined
ultrasonic transducer (mMUT), and optical ultrasonic wave detector.
The laser-induced ultrasonic wave apparatus of claim 1, wherein the
thermoelastic material and the receiving unit are embodied together as
a single probe.

The laser-induced ultrasonic wave apparatus of claim 17, wherein the
thermoelastic material and the receiving unit are arranged in the single
probe element in a configuration so when the laser beam is incident on
the single probe element the thermoelastic material is enabled to be ir-
radiated by the laser beam and incidence of the laser beam on the
receiving unit is minimized.

The laser-induced ultrasonic wave apparatus of claim 17, wherein a
substrate is arranged between the thermoelastic material and the
receiving unit in the single probe element.

The laser-induced ultrasonic wave apparatus of claim 17, wherein the
thermoelastic material and the receiving unit are arranged in the single
probe element so the first acoustic wave generated by thermoelastic
material propagates through the receiving unit before propagating to the
target object.

The laser-induced ultrasonic wave apparatus of claim 1, wherein the
laser source irradiates the target object and the thermoelastic material
simultaneously with the laser beam.

The laser-induced ultrasonic wave apparatus of claim 1, further

comprising:
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a first signal processing unit to generate a first image based on electric
signals derived from the received echo acoustic wave;

a second signal processing unit to generate a second image based on
electric signals derived from the received second acoustic wave; and
an image combining unit to generate a third image by combining the
first image and the second image.

A laser-induced ultrasonic wave method, the method comprising:
irradiating a target object and a thermoelastic material with a laser
beam;

receiving and transducing an echo acoustic wave, from the target
object, as a reflection of a first acoustic wave transmitted to the target
object from the thermoelastic material upon the thermoelastic material
being irradiated by the laser beam; and

receiving and transducing a second acoustic wave transmitted from the
target object upon the target object being irradiated by the laser beam.
The laser-induced ultrasonic wave method of claim 23, further
comprising simultaneously generating a first image based on the
received second acoustic wave and a second image based on the
received echo acoustic wave,

wherein the first image is generated to be a photoacoustic image for
functional analysis of the target object and the second image is
generated to be an anatomical image for acoustic analysis of at least the
target object.

The laser-induced ultrasonic wave method of claim 24, further
comprising selectively displaying at least one of the first image and the
second image based upon a user input to a user interface.

The laser-induced ultrasonic wave method of claim 23, wherein the
target object is a tissue within a human body having an absorption rate
smaller than an absorption rate of the thermoelastic material.

The laser-induced ultrasonic wave method of claim 23, wherein the
thermoelastic material layer is formed as a thin-film having a thickness
less than respective wavelengths of the echo acoustic wave and the
second acoustic wave propagating from the target object.

The laser-induced ultrasonic wave method of claim 23, wherein the
thermoelastic material and a receiving unit, performing the receiving of
the echo acoustic wave and the second acoustic wave, are embodied
together as a single probe element.

The laser-induced ultrasonic wave method of claim 23, wherein the
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target object and the thermoelastic material are simultaneously ir-
radiated with the laser beam.

The laser-induced ultrasonic wave method of claim 23, further
comprising:

generating a first image based on electric signals derived from the
received echo acoustic wave;

generating a second image based on electric signals derived from the
received second acoustic wave; and

generating a third image by combining the first image and the second

image.
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[Fig. Ic]
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[Fig. 5d]
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