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ULTRASOUND SENSING AND IMAGING BASED ON WHISPERING-GALLERY-
MODE (WGM) MICRORESONATORS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority from U.S. Provisional Application Serial
No. 62/901,883 filed on September 18, 2019, which is incorporated herein by reference

in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] This invention was made with government support under
WOIL1INF1710189 and WO11NF1210026 awarded by the Army Research Office. The

govermnment has certain rights in the invention.

FIELD OF THE DISCLOSURE

[0003] The present disclosure generally relates to systems and methods to
perform ultrasound imaging using acoustic transducers that include whispering-gallery-

mode resonators.

BACKGROUND OF THE DISCLOSURE

[0004] Ultrasound technology has attracted increasing interest in various fields,
particularly in non-invasive measurements, remote sensing and biomedical imaging.
Ultrasound imaging is used in a wide variety of settings to non-invasively image
internal structures of patients by detecting ultrasound pulses reflected from tissue
boundaries within the patient. Ultrasound detectors used in imaging applications
typically have low noise equivalent pressure (NEP) and function at high frequencies
with wide bandwidths. Currently available piezoelectric-based ultrasound detectors
generally satisfy these requirements. However, for those imaging applications where
detectors with smaller dimensions are needed, the use of piezoelectric-based ultrasound
detectors is limited by noise in that a reduction in the dimensions of piezoelectric-based
ultrasound detectors smaller are accompanied by an increase in the noise associated

with ultrasound detection.

[0005] Further, as the resolution of ultrasound increases by applying higher
frequency soundwaves, its depth of penetration decreases due to the increased acoustic

attenuation. This tradeoff between resolution and penetration depth poses a challenge in
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the context of conventional, piezoelectric ultrasound sensors.

[0006] Photonic devices (e.g., gratings, etalons, etc.) and optical pressure
detection techniques have shown great promise for ultrasound detection, and have
gained increasing interest because these devices can be fabricated in micro-scales
without sacrificing ultrasound detection performance or sensitivity. In photonic
devices, refractive index modulation and/or shape deformations due to strain induced by
an acoustic wave are translated into changes in the intensity of the detected light or the
spectral properties of the device. In some existing devices, optical resonators have been
used as highly sensitive ultrasound detectors. In these resonators, arrival of ultrasound
wave leads to modulation of the resonant frequency or the transmitted light intensity. In
general, the performance of an optical resonator is limited by its quality factor Q (i.e.,
the higher the Q, the lower the optical loss and the smaller the detectable resonance
shift) as well as by the acousto-optical and mechanical properties of the material from

which the resonator 1s made.

[0007] Other objects and features will be in part apparent and in part pointed out

hereinafter.

BRIEF DESCRIPTION OF THE DISCLOSURE

[0008] In one aspect, an acoustic sensor is disclosed that includes an optical
whispering gallery mode resonator, a coupling waveguide for optically coupling to the
resonator, and a polymer encasing a portion of the coupling waveguide and the
resonator. The coupling waveguide is spaced from the resonator by a separation gap.
The resonator and the coupling waveguide each have higher refractive indices than the

corresponding refractive index of the polymer.

[0009] In other aspects, an acoustic sensing system is disclosed that includes an
optical whispering gallery mode resonator, a coupling waveguide for optically coupling
to the resonator, a polymer encasing the resonator and a portion of the coupling
waveguide, a light source coupled to the first end of the coupling waveguide projecting
from the low-index polymer, and a light detector coupled to the second end of the
coupling waveguide and projecting from the low-index polymer. The coupling
waveguide has a first end and a second end opposite the first end, and is spaced from the
resonator by a separation gap. The resonator and the coupling waveguide each have

higher refractive indices than the corresponding refractive index of the polymer.
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[0010] In additional aspects, a photoacoustic imaging device is disclosed that
includes an acoustic sensor. The acoustic sensor includes an optical whispering gallery
mode resonator, a coupling waveguide for optically coupling to the resonator, a polymer
encasing the resonator and a portion of the coupling waveguide, a transducer light
source coupled to the first end of the coupling waveguide projecting from the low-index
polymer, a transducer light detector coupled to the second end of the coupling
waveguide opposite to the first end and projecting from the low-index polymer, and a
photoacoustic light source. The coupling waveguide has a first end and a second end
opposite the first end, and the coupling waveguide is spaced from the resonator by a
separation gap. The resonator and the coupling waveguide each have higher refractive

indices than the corresponding refractive index of the polymer.

[0011] In other additional aspects, a method for detecting ultrasound waves is
disclosed that includes providing an acoustic sensing system. The acoustic sensing
system includes an optical whispering gallery mode resonator, a coupling waveguide for
optically coupling to the resonator, a polymer encasing the resonator and a portion of
the coupling waveguide, a light source, and a light detector. The coupling waveguide
has a first end and a second end opposite the first end, and the coupling waveguide is
spaced from the resonator by a separation gap. The light source is coupled to the first
end of the coupling waveguide projecting from the low-index polymer, and the light
detector couples to the second end of the coupling waveguide projecting from the low-
index polymer. The polymer forms a sample contact surface. The resonator and the
coupling waveguide each have higher refractive indices than the corresponding
refractive index of the polymer. The method further includes acoustically coupling the
sample contact surface with a sample such that ultrasound waves emitting from within
the sample are conducted through the polymer to the resonator and the portion of the
coupling waveguide, introducing light produced by the light source into the first end of
the coupling waveguide, converting light from the second end of the coupling
waveguide detected by the light detector into detector signals encoding the amplitude of
the detected light, and transforming the detector signals into a pressure using a

predetermined calibration rule.

[0012] Other objects and features will be in part apparent and in part pointed out

hereinafter.
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DESCRIPTION OF THE DRAWINGS

[0013] Those of skill in the art will understand that the drawings, described
below, are for illustrative purposes only. The drawings are not intended to limit the

scope of the present teachings in any way.

[0014] FIG. 1A is a graph summarizing fiber mode index as a function of

wavelength for several different diameters of optic fiber in air;

[0015] FIG. 1B is a map illustrating the fiber mode distribution for the 1.6-um
optic fiber shown in FIG. 1A;

[0016] FIG. 1C is a graph summarizing fiber mode index as a function of
wavelength for several different diameters of optic fiber in a polymer with a refractive

index (n) of 1.33;

[0017] FIG. 1D is a map illustrating the fiber mode distribution for the 1.6-um
optic fiber shown in FIG. 1C;

[0018] FIG. 2A is a graph summarizing the effective indices for light
transmission at 883 nm within an optic fiber (n5rer) and a microtoroid resonator

(mwanr) encased in a polymer with a refractive index () of 1.33;

[0019] FIG. 2B is a map illustrating the fiber mode distribution for the optic fiber
shown in FIG. 2A;

[0020] FIG. 2C is a graph summarizing the effective indices for light
transmission at 778 nm within an optic fiber (nsver) and a microtoroid resonator

(mwon) encased in a polymer with a refractive index () of 1.33;

[0021] FIG. 2D is a map illustrating the fiber mode distribution for the optic fiber
shown in FIG. 2C;

[0022] FIG. 2E is a graph summarizing the effective indices for light
transmission at 709 nm within an optic fiber (#e-) and a microtoroid resonator

(mwanr) encased in a polymer with a refractive index () of 1.33;

[0023] FIG. 2F is a map illustrating the fiber mode distribution for the optic fiber
shown in FIG. 2E;

[0024] FIG. 3 is an image of a optical-resonator-based acoustic pressure sensor in
accordance with one aspect of the disclosure;
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[0025] FIG. 4A is a cross-sectional schematic view of the optical-resonator-based
acoustic sensor as shown in FIG. 3, in which the optical-resonator-based acoustic
pressure sensor is embedded within a casement formed from a low-index polymer

material;

[0026] FIG. 4B is a schematic side view of the embedded optical-resonator-based

acoustic sensor of FIG. 4A,;

[0027] FIG. 5 is an illustration of an acoustic imaging system that includes an
optical-resonator-based acoustic sensing probe in accordance with one aspect of the

disclosure;

[0028] FIG. 6 is a spectrum of transmitted light intensity through the optical-

resonator-based acoustic sensing probe as a function of transmitted light wavelength;

[0029] FIG. 7 is a graph illustrating an example of a signal generated by the

optical-resonator-based acoustic sensing probe in response to an ultrasound pulse;

[0030] FIG. 8is ablock diagram schematically illustrating a system in

accordance with one aspect of the disclosure;

[0031] FIG.9 is a block diagram schematically illustrating a computing device in

accordance with one aspect of the disclosure;

[0032] FIG.10 is a block diagram schematically illustrating a remote or user

computing device in accordance with one aspect of the disclosure;

[0033] FIG.11 is a block diagram schematically illustrating a server system in

accordance with one aspect of the disclosure;

[0034] FIG. 12 is a schematic diagram illustrating a method of producing a

microtoroid resonator in accordance with one aspect of the disclosure;

[0035] FIG 13A is a schematic side view illustrating a method of assembling a

acoustic sensor in accordance with one aspect of the disclosure;

[0036] FIG 13B is a schematic top view illustrating a method of assembling a

acoustic sensor in accordance with one aspect of the disclosure;

[0037] FIG. 14 is screen shot illustrating the display of a portable device for
obtaining transmission readings from an optical acoustic sensor in accordance with one
aspect of the disclosure;
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[0038] FIG. 15 is a schematic illustration showing the elements of an ultrasound
imaging system that includes an optical-resonator-based acoustic sensor in accordance

with one aspect of the disclosure;

[0039] FIG. 16A is a graph summarizing a sensitivity loading factor with respect
to gap detuning from critical coupling of an optical-resonator-based acoustic sensor in
air;

[0040] FIG. 16B is a graph summarizing a sensitivity loading factor with respect
to gap detuning from critical coupling of an optical-resonator-based acoustic sensor

encased in an #=1.33 polymer;

[0041] FIG 17A is a graph illustrating the penetration depth of an ultrasound
sensor as a function of ultrasound frequency for various sensor enhancements enabled
by the incorporation of an optical-resonator-based acoustic sensor with various degrees

of sensor enhancement in a tissue sample representative of fat or breast tissue;

[0042] FIG 17B is a graph illustrating the penetration depth of an ultrasound
sensor as a function of ultrasound frequency for various sensor enhancements enabled
by the incorporation of an optical-resonator-based acoustic sensor with various degrees

of sensor enhancement in a tissue sample representative of blood;

[0043] FIG. 18A is a graph summarizing various existing imaging modalities
(OCT/Optical Coherence Tomography, PAT/Photoacoustic Tomography,
US/Ultrasound, and MRI/Magnetic Resonance Imaging) mapped as a function of image

resolution and penetration depth;

[0044] FIG. 18B is a graph corresponding to the graph of FIG. 18A illustrating
the effect of the improved sensitivity provided by optical-resonator-based acoustic

sensors in various imaging modalities in accordance with an aspect of the disclosure;

[0045] FIG. 19 is an optical micrograph image showing a single microtoroid

sensor in accordance with an aspect of the disclosure;

[0046] FIG. 20A is a graph summarizing a signal measured by a poly mer-
enclosed microtoroid pressure sensor in response to 5-MHz ultrasound pulses delivered

at various pressures;

[0047] FIG. 20B is a graph summarizing a signal measured by a polymer-

enclosed microtoroid pressure sensor in response to 20-MHz ultrasound pulses
-6-



WO 2021/055823 PCT/US2020/051596

delivered at various pressures;

[0048] FIG. 21 is a graph summarizing signal amplitude obtained using a
polymer-enclosed microtoroid pressure sensor as a function of frequency detuning used

to assess SNR for the polymer-enclosed microtoroid pressure sensor;

[0049] FIG 22 is a graph illustrating normalized signal amplitudes obtained by a
polymer-enclosed microtoroid pressure sensor detecting ultrasound pulses delivered at a

range of frequencies;

[0050] FIG. 23A is a schematic illustration showing the sign convention used to
quantify the direction of incident soundwaves onto the surface of the polymer-enclosed

microtoroid pressure sensor;

[0051] FIG. 23B is a map of normalized signal intensity obtained by a polymer-
enclosed microtoroid pressure sensor detecting ultrasound pulses delivered at a range of

incident sound angles as defined in FIG. 23A,

[0052] FIG. 24 is a schematic illustration of the detection of acoustic signals

using a microtoroid pressure sensor in accordance with one aspect of the disclosure; and

[0053] FIG. 25 contains graphs showing the wavelength detuning and

transmission within a resonator during wavelength up-scanning of the resonaior,

[0054] FIG. 26 is a schematic illustration of a photoacoustic imaging system in

accordance with one aspect of the disclosure.

[0055] There are shown in the drawings arrangements that are presently
discussed, it being understood, however, that the present embodiments are not limited to
the precise arrangements and are instrumentalities shown. While multiple embodiments
are disclosed, still other embodiments of the present disclosure will become apparent to
those skilled in the art from the following detailed description, which shows and
describes illustrative aspects of the disclosure. As will be realized, the invention is
capable of modifications in various aspects, all without departing from the spirit and
scope of the present disclosure. Accordingly, the drawings and detailed description are

to be regarded as illustrative in nature and not restrictive.

DETAILED DESCRIPTION OF THE INVENTION
[0056] In various aspects, a pressure sensor that includes an ultra-high quality
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optical whispering-gallery-mode (WGM) resonator encased in a low-index polymer is
disclosed. In various other aspects, the polymer-encased whispering-gallery-mode
(WGM) resonator may be included in a pressure detection system. In various additional
aspects, a medical imaging system including, but not limited to, an ultrasound imaging
system, may include the optical whispering-gallery-mode (WGM) resonator as an
acoustic sensor. Compared to a conventional hydrophone based on piezoelectric
materials, an optical resonator could leverage the circulating light’s high sensitivity to
the mechanical perturbations induced by the incoming acoustic waves, and thus achieve
a higher sensitivity to the acoustic signal. Meanwhile, the sub-millimeter footprint
achievable using WGM microresonators could (1) provide promise in forming compact

sensor arrays; and (2) broaden the acoustic response bandwidth to higher frequency.

[0057] In various aspects, the polymer-encased WGM resonators possess both
high optical quality factors (Q~ 107) and rich mechanical modes reacting to incoming
acoustic signals, as described in additional detail below. The polymer casing maintains a
fiber taper and WGM resonator coupled in a fixed arrangement, enabling robust optical
driving of the system free from mechanical perturbation. The polymer casing further
simplifies the optical packaging process during manufacturing and the packaging
simplifies the incorporation of the polymer-encased WGM resonators as pressure
sensors into the design of a variety of devices including, but not limited to, ultrasound

imaging systems.
I. Optical-Resonator-Based Acoustic Sensors, Sensor Systems, and Methods of Use

[0058] The details of the invention and varicus embodiments can be bsiter
understood by referring to the figwres of the drawing. Referring to FIG. 3, an illustration
of an optical-resonator-based acoustic sensor systent 100 15 iHlustrated. In varions
aspects, the systers 100 can include a light source 101 including, but not hinvted 1o, a
tunable faser. The system 100 further mcludes a WGM resonator 102 attached to a
substrate 113, and a coupling waveguide 104 to bring the laser energy 1o and out of the
resonance roodes of the resonator 102, The system 100 may further include an ophic
coupler 103 configured to direct the laser energy produced by the light source 101 o
the coupling waveguide 104, Non-limiiing examples of suitable light sources inchads
sevrconducior lasers {DFB or FP laser diodes), GalN or suvalar LED on-chip light

sources, of on-chip WM muaerolasers whose wavelength can be linely tuned by
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temperature control or by controlling the driving aurrent. A photorecetver 106 (or a
photodetector) coupled 1o an opposite end of the couphing waveguide 104 can be used to

detect the laser signal 108 at the owput port 110 of the coupling waveguide 104,

[0059] fn various aspects, both the light source 101 and the photoreceiver 106 are
tinked 10 a computing device 112 (not idhustrated). To various aspects, the compuling
device 15 configured o contral the operation of the ight source 112 and 1o process the
output from the photoreceiver 106 1o extract information refated to light transmission
from the resonator 102, In another aspect, the computing device 112 of the sysiem 1
furthers include a processor and a non-volatile computer-readable memory (not

ilusirated), as described jo additional detail below.

[0060] FIGS, 44 and 4B are cross-sectional and side schematic views,
respectively, of a system 100 similar to the system fustrated in FIG 3, in which the
WM resonator 142 and a portion 114 of the couphing waveguide 104 are encased in a
tow-index polymer 114, In one aspect. the low-index polymer 116 mamtains the
portion 114 of the coupling waveguide 104 and the WGM resonator 102 in a fixed
arrangerent. In sore aspects, the fixed arrangerment may include a gap 118 separating
the coupling waveguide 104 frony the WGM resonator 102, In one aspect, the gap 11813
selected to result in critical coupling of the laser energy directed through the coupling
waveguids 104 into the WGM resonator 102, In another aspact, the gap 118 15 offset
shghtly from the critical coupling gap distance to eoable the operation of the WGM
resounator 102 closer to a maxiroum loading Tactor associated with enbanced sensor

sensiivity as described in additional detai! below.

[0061] in varions aspects, the selected value of the gap s influenced by any one
or more of a plurality of factors inchuding, but not hinuted o, dimensions and materials
of the opucal WGM resonator, dimensions and matertals of the coupling waveguide,
dimensions and materials of the encapsulating polymer, the operational paramsiers of
the optical WGM oscillator-based pressure sensor, and any other relevant factor. A
detabed description of the relationship of gf oast a portion of the factors described

above is described in addifional detail below.

[0062] Referring again to FIGS. 4A and 4B, the low-index polymer 116148
configured (o efficiently transfer Hght betwesn the coupling waveginde 104 and the

WGM resonator 102, as well as 1o efficiently recerve ulivasound waves from a fissug
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subjected 1o iraging using an uitrasound bmaging systers, as desortbed w additional
detail below. In various aspecis, the low-index polvioer 116 15 applied m an uncured
state over the Wb resonator 102, the coupling waveguide 104, and the substrate 113
and is subssquently cured iz sidy uaing a curing method. Any known cuning method may
be used to cure the low-~index polymer 116 without liroitation, as long as the curing
method 15 coropatible with the selecied polymer matenial. Non-limiting exarples of
swtable cwring methods include UV cuning, motsture curing, and cross-link cunng. In
some aspects, the degree of cuning way be varied to medalate the acoustic mpedanee
and/or refractive index of the low-index polymer 116 to levels that enable the efficiend
oparation of the svstem 100 as described in additional detail below. By way of non-
Hsmting example, the coring method may produce a cured polymer characterized by a
refractive wdex sutiable for efficient lght transfer between the WGM resonator 102 and
couphing wavegnide 104, as well as a meechanical index roatched 1o a ussue o be
subjecied 1o ultrasound imaging. Withowt being limited o any particular theory, the
mechanical matching of the low-index pelvimer 116 to a tissue may facilitate the
efficient ransrassion of ultrasound polses emerging Hrom the imaged tissue,

[0063] in another aspect. the low-index polyiver 116 may be coverad with an
additional membrane layer 120, In various aspects, the membrane laver 120 may be
sefected 1o seal the wnderlving polvmer 116, providing a basrier to prevent oxygen from
contacting the polymer |16 and thereby facilitate a curing process, such as a UV curing
process described in additional detail below. 1n some aspects, the membrane layer 120
may be removed from the low-index polymer 116 of the system 100 upon completion of
the curing process. In other aspects, the membrane laver 120 may be retained over the
exposed surface of the low~index polymer 116, In these other aspecis, the material of
the membrane fayer 120 may be selected to be acoustically matched to a Hissue to be
inaged using an ulirasowund fraging system that inchudes the sensor systern 100 as

described m additiong! detail below.

[0064] frr various aspects, the mershrane layver 120 3 any snitable matenal
capable of preventing oxvgen from penstrating into the underlving fow-index polymer
fayer 116 Mon-limiting examples of surtable membrane laver materials include cover
ships, polymer lavers, and any other suitable membrane material. Without being Hinuted
to any particular theory. the refractive index of the membrane layer does not influence
the performance of the encapsulated WGM resonator 102 and the coupling
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waveginde 104 deseribed herein. To some aspects, the membrane faver 120 may be
produced using a matenal that is acoustically maiched 1o a tissue (o be imaged, as

described above.

[0065] fn various aspects, the membrane fayer 120 may be pre-formed and
apphied over the low-index polyrser 116, or the membrane layer 120 may be applied
over the low~index polymer 116 in an uncured state and cured in place. By way of non-
tinvting example, applying a pre-formed membrane laver over the low-ndex polymer
may facilitate sebsequent removal of the membrane laver upon completion of curing
within the low-index polymer as described above. By way of another non-limiting
example, 3 membrane material that s acoustically matched 10 a fissue 1o be imaged may
be applied and cured in place to enhance the intimaey of contact between the membrane
tayer and the low-index polymer, thereby promoting the efficient transrission of

acoustic signals from the tissue to the underlying sensors.

[0066] in various aspects, the thickness of the membrane laver ranges from about
0.1 munto about 5 mum. In various other aspects, the thickness of the membrane layver
ranges from about 0.1 muw 1o about 0.3 mun, from about 0.2 vom {o about 0.4 mm, from
about 0.3 mmio about 6.3 vomy, from abowt 0.8 mm to abowt 0.7 mm, from about 0.6
nun o about §.8 mum, from about 0.7 mm o about 0.9 mmy, from about 0.8 mm to abo
1.0 mm, from about G.9 mum o about 1.1 muyy, from aboud 1.0 mm 1o abowl 2 mm, from
about 1.5 mn to shout 2.5 mwn, from about 2 o to about 3 wum, frow about 2.5 mam to
about 3.5 nun, from about 3 nun o about 4 wom, frorn about 3.5 nwm to abomt 4.5 mm,

and from abowut 4 mm to about 5 nun.

[0067] FIG. 4B 13 a side view of the svatem 100 illustrated in FIG 4A. As
iffasirated i FIG. 4B, the ends of the coupling waveginde 104 adjacent to the encased
portion 114 progect fror the low-index polymer encasement 116 1o euable the coupling
of the light source 101 1o the coupling waveguide 104 via the opiic coupler 103 and {o
enable the coupling of the coupling waveginde 104 to the photodetecior 104, The
photodetector 106 18 condigured 1o detect alaser signal outpur at an owput port 110 of
the coupling waveguide 104 and to transnut a detecior output signal 122 representative

of the detected laser signal ouiput.

[0068] In vasious aspects, the computing device 112 is further configured to

operate the optical-resonator-based acoustic sensor sysien 100 i a scanning mode ©
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select an operating wavelength, as well ac to operate the system 100 locked at the
operating wavelength to detect acoustic signals as described o addinonal detail below.
in one aspect, the computing device 112 is further configured 1o condrol and tune the
fight source 10 scan wavelengihs infroduced mnio the coopling waveguide 1084, as well as
to perform a selection algorithin o analyze a transmission specinin of the detecior
output signal, thereby deriving a detected polarizability value and selecting a maiching
polarizability value frorm the plurality of polarizability values, as deseribed in additionat

detait below,

[0069] In various aspects, the optical resonator ruay be characterized by a
diameter ranging from about 30 wro to abous 200 yo. To various other aspects, the
drameter of the resonator ranges from abowd 50 um 1o abowt 60 um, from about 55 um to
about 65 pyo, from about 60 pm to about 70 poy, froro about 63 o to about 73 um,
from abouwt 70 pro o about 80 pro, fromabout 75 pm (o about 85 um, from about 80 pm
to about 90 um, from about &35 pm to about 95 pm, from about 90 um to about 100 pm,
from about 95 gim o about 105 pm, from about 100 pmy to about 120 i, from abo
116 wn to about 130 i, from about 120 pm o about 140 pmy, from about 130 um to
about 130 wm, from about 140w 1o about 160 pro, fron sbout 150 unio gbout 170
um, from about 160 pm o about 180 um, from about 170 pm to about 190 pum, and

from about 180 o to about 200 pm.

[0070] Without being hmited (o any particular theory, the diameter of the optical
resonator may influence gt least one of a plurabity of factors related 1o the performance
of the optical-resonator-based pressure sensor including, but not limited to! resonant

wavelengthe and center frequencies of the pressure sensor.

[0071] In various other aspects, the coupling wavegnide may cornprise any
suitable waveguide without lrsitation. I one aspect, the coupling waveguide is a
tapered fiber. In various aspects, the mininmun diametsr of the tapered fiber ranges from
about 0.8 um (o about S um. In various other aspects, the nunimum diameter of the
tapered fiber ranges from abowt 0.3 pm o about 8.7 wm, from about 0.6 ym 1o about 0.8
yrm, from about 0.7 pin fo about 0.9 pmy, frorm about 0.8 um o about 1.0 ym, from about
0.9 pm to abowt 1.1 um, from about | pum lo about 2 um, from about 1.5 ym to about 2.3
wo, from sbout 2 wm to about 3 wm, from about 2.5 wmito sbout 3.5 pum, from about 3

s to ahout 4 pro, from about 3.5 wm to abowt 4.5 pmy, and from about 4 ym to abowt 3
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wot. Without being Hmited (o any particuday theory, smaller taper diameters are thought
i optimize the coupling of shorter hight wavelengths onio the WGM resonators of the

disclosed acoustic sensors as described hersin

[0072] In one aspect, the coupling waveguide comprises g tapered fiber with a
munim daroeter of gt least 1.5 um, a taper length of about 2 cm, and a fiber end
diameter of about 125 pm. in various additional aspacts, the coupling waveguides may
be constructed of any suitable materials known in the art incleding, bl not limited {0, 2

fused silica moaterial, 4 low-loss oplical polymer, and any other suitable material.

[0073] In various aspects, the performance of the WGM resonator-based acoustic
sensors may be assessed using any suitable existing analysis method without limitation.
In one aspect, measurements of ultrasound wave amplitudes obtained by a toroidal
resonator-based acoustic sensor may be analyzed using standard methods as illustrated
in FIG. 21 to assess SNR and noise equivalent pressure. In another aspect,
measurements of response amplitudes of a toroidal resonator-based acoustic sensor at a
range of ultrasound wave pressures may be analyzed using standard methods to
determine the sensor’s sensitivity at different frequencies of ultrasound waves. By way
of non-limiting example, the signal amplitudes of a toroidal resonator-based acoustic
sensor in response to 5 MHz and 20 MHz ultrasound waves at different wave pressures
are illustrated in FIGS. 20A and 20B, respectively. In an additional aspect,
measurements of response amplitudes of a toroidal resonator-based acoustic sensor for a
range of ultrasound wave frequencies may be analyzed using standard methods to
determine the sensor’s bandwidth as illustrated in FIG. 22. The acoustic sensing
performance of an acoustic sensor that includes a polymer-encased WGM resonator as

described herein are summarized in Table 1:

TABLE 1: Performance of Acoustic Sensor with Encased WGM-Resonator.

Noise Equivalent Pressure 10 Pa over 1-50 MHz
Sensitivity 250 mV/kPa @ 5 MHz

80mV/kPa (@ 20 MHz
Bandwidth 50 MHz
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[0074] By way of another non-limiting example, the acoustic sensing
performance of the acoustic sensor as characterized in Table 1 is compared to the

corresponding performance of a conventional piezoelectric transducer in Table 2 below:

TABLE 2: Comparison of Performance of Acoustic Sensor with Encased WGM-

Resonator and Conventional, Medical-Grade Ultrasound Devices.

WGM-Based Conventional

Sensor Ultrasound

Sensitivity (mV/kPa) 250 ~0.01

Noise-Equivalent-Pressure
0.63 <10
(Pa)

1.5-7
Operating Bandwidth |50 4-8

(MHz) 5-15

[0075] Referring again to FIG. 4, the transmission spectrur obtained from a

high-€3 WGM typieally has a Lorentzian line shape. As ilfustrated m FIG. 24, an
meoming uitrasound wave way induce refractive index roodulation and/or shape
deformation {see lefi-hand tmages i FIG. 24}, which s iranslated into a resonance shifl
in the transmission spectrum {see right-hand graph in FiG. 24). If the operation
wavelength is fixed, the variation in the resonant frequency 18 reflected as oscillations of
the fransmitied optical power over time {see oulput power signal n tight graph of FIG.
24}, In one aspect, to maximize the amplitude of the output oscillation mduced by the
mcoming uitrasound, the operating wavelength is sef {o a wavelengih corresponding {0 a

pont 2402 on the transsussion spectrum with the largest clope.

[0076] £t should be noted that ondy the thermally siable side is favored. Withowt
being Himited to any particular theory, the thermally stable side is etther a shorter-
wavelength side or a longer-wavelength side, depending on at least one factor including,
but not Bnited {0, the material-related thermo-optical coetlicient of the resonator. 1f the
thermo-optical coetliciend of the resonator 15 dominaled by dislectric materials
including. but not limited to, silica, sihicon, silicon nitride, which are characterized by
positive thermo-optical coafficients, the shorter-wavelength side (region 606 in FIG. 6}

is thermally stable. I the thermo-optical coefficient of the resonator 18 donunated by
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pobvier matenals, which are characterized by negative theymo~optical coefficients, the

fonger-wavelength side (region 608 in FIG. 6) is thermally stable.

[0077] As illustrated in FI{x 23, the thermally stable region in the transmission
specirom of a high 3 microresonator is identified as having a inangolar shape 2502
during the wavelength scanning processes. By way of non-lirmiting exarople, for a bigh
3 silica nucroresonator made of diclectnic materials with postiive thermo-opiical
coefficients {dr/d'F> 0}, as the wavelength of the purop laser approaches the resonant
wavelength duning the wavelength op-scanning process, the cavily begins 1 heat up,
which red shifte the resonant wavelength, making the up-scan a pursait process betwesn
resonant wavelengih and scanning pump wavelength, 1o, both the resonant wavelength
and the scanning pump wavelength shift in the same direction. Specifically, both the
recsopant and pump waveleogths increase lnearly, while the wavelength detuning
between them decreases hnearly . In this pursuit process, the pumy wavelength (shown
as dashed ling in top graph of FIG. 25) tracks the moving resonant wavelength {shown
as solid line in top graph of FIG. 23) and the dehuning between them is within the
bandwidth of the resonance. Therefore, the resonator 13 operated in g resonant state and
the purop laser energy is coupled o the resonator. Thus pursuil process continues untid
the purop wavelength catches up with the resonant wavelength. Beyond this point, the
resonant state is tost rapidly at region 2504 of the moving resonant wavelength since the

purnp laser cannot push the resonant wavelength further,

[0078] Note that the thermally stable reglon may be idennfied etther during

wavelength up-scanmng (see FIG. 25) for resonator materials with positive therno

optical coefficienis as described above, or during wavelength down-scanning {not
iustrated) for resonator materials with negative thermo-optical coefficents. 1 the
thermo-optical coetficient of the resonator is dominated by dielectric materials like,
sibica, silicon, silicon nitride with thermo-optical coefficient > 0}, the wavelangth ap-
scanning side (shorter wavelength side} is thermally stable H the thermo-optical
coefficient of the resonator s donunated by polvmers (thermo-optical coetficient < 0},

the wavelength up-scanming side ({onger-wavelangth side} 1s thermally stable.
a. Arrangement of Resonator and Optic Fiber

[0079] In various aspects, the dimensions and arrangement of the optic fiber and

optical resonator are determined according to one or more rules incorporating various
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factors related to performance of the sensor. In one aspect, a separation rule may be
used to determine a gap separating the tapered optic fiber and the outer circumference of
the optical resonator. In another aspect, the dimensions and arrangement of the optic

fiber and optical resonator may be influenced by a plurality of factors, described below.

[0080] Without being limited to any particular theory, the dimension of the fiber
waveguide determines the effective index of the waveguide mode, and the gap between
the fiber taper and the resonator determines the coupling strength, which may be
quantified alternatively as coupling-induced loss. An ideally excited WGM, also
referred to herein as critically coupled, is characterized by a narrow and deep Lorentzian
dip shape within the transmission spectrum of the coupled WGM and fiber taper. This
critical coupling is achieved when i) the effective index of fiber waveguide mode
matches the effective index of the WGM and ii) the coupling-induced loss is equal to

the intrinsic loss inside the resonator.
b. Determination of Ideal Fiber Taper

[0081] In various aspects, the ideal fiber taper to excite optical modes in
whispering-gallery-mode (WGM) microtoroid resonators are determined using various

criteria, described in additional detail below.

[0082] In one aspect, the ideal fiber taper should satisfy the phase matching
condition with the target WGMs, as expressed by:

Nfiber = Mwomer  EQR. (1)
where nygm ¢ 18 the transformed effective index of the WGM microtoroid resonators
(nwem): Niber 18 determined by the diameter and refractive index of the fiber taper;
and nygy 1 decided by the size and refractive index of the resonator as well as the
refractive index of the surrounding medium. In various aspects, both ngpe and

Nwem May be numerically computed using any suitable method known in the art

including, but not limited to, a finite element method (FEM).

Nfiber*
[0083] In one aspect, the FEM mode analysis is applied to simulate the mode
distribution and effective indices of fiber modes with different diameters and
surrounding materials, as illustrated in FIGS. 1A — 1D for several different taper

diameters in air (FIGS. 1A and 1B) and in a low-index (»#=1.3) polymer (FIGS. 1C and
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1D).

Nwem:
[0084] In an additional aspect, FEM eigenfrequency analysis (2D rotational
symmetric model) is applied to simulate the mode distribution and eigenfrequencies of

the WGM miicrotoroid resonators. In this aspect, nygum is derived using the equation:
Nwem = Mc/wR, Eqn. (2)

where m is the azimuthal mode number; ¢ is speed of light; w is the simulated

eigenfrequency; and R, is the radial position of “mode mass center”, denoted by:
Re = [[ n(r)2E?rdS/[[ n(r)?E?dS Eqn. (3)
where £ is the amplitude of the electric field, n(r) is the refractive index.

Nwem,tr:

[0085] In another aspect, nyem ¢ IS determined using the following expression:

dse
NweMtr = PWeM (1 - 2R:) Eqn. (4)

where d,, is the distance between the WGM “mode mass center” and the fiber center.
[0086] When the coupling gap is very small, i.e., the fiber taper almost touches

the resonator:
dsep~2a+ar + Ry — R, Eqn. (5)

where a and a; are minor radii of the microtoroid and fiber taper radius, respectively and

R,, is the major radius of the microtoroid resonator.

[0087] FIGS. 2A, 2C, and 2E are graphs summarizing the effective indices
Nwem,er and ngper with varying fiber taper diameters at wavelengths of 883 nm, 778
nm, 709 nm, respectively generated using the equation and methods described above.
FIGS. 2B, 2D, and 2F are maps of fiber mode distributions for the optic fibers of FIGS.
2A, 2C, and 2E, respectively. FIGS. 2A, 2C, and 2E show that ideal taper diameters for
polymer background are 1.41 um, 1.31 pm, 1.25 pm at wavelengths of 883 nm, 778 nm,
709 nm, respectively.

c. Low-Index Polymer Layer
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[0088] In various aspects, the WGM resonator and a portion of the coupling
waveguide are encased in a low-index polymer material. The polymer encasement
performs a variety of functions related to the fabrication, incorporation into various
devices such as ultrasound imaging systems, and use of the WGM resonator-based
optical pressure sensor to detect pressures as described herein. In some aspects, the
polymer encasement performs a three-fold function: 1) protecting the coupling region, 2)
effectively delivering the input acoustic signal, and iii) acting as a damping layer for the
oscillating structure. The multiple functions performed by the encasement polymer
impose constraints on the selection of the encasement polymer material and polymer

layer dimensions.

[0089] In one aspect, the encasement polymer material is selected to enable rapid
curing with minimal change in refractive index and density. In another aspect, the
encasement polymer material is selected to be acoustically transparent to the input
signal including, but not limited to, ultrasound pulses emerging from a tissue to be
imaged using an ultrasound or photoacoustic imaging system. In an additional aspect,
the acoustic signal delivered to the WGM resonator-based pressure sensor may be
enhanced by engineering the dimension of the encasement polymer layer. In this
additional aspect, the thickness of the encasement layer may be set to be (1/4 + n/2)
times of acoustic center wavelength, and/or a convex upper boundary may be formed
into the polymer encasement layer to enhance acoustic focusing on the WGM resonator.
In another additional aspect, the encasement polymer material is selected to enhance the
effective damping of the mechanical oscillations of the resonator structure in response

to received pressure pulses to eliminate a response tail to a pulsed acoustic input.

[0090] In one exemplary aspect, the encasement polymer material may be
selected and engineered to enhance sensor sensitivity by shaping the encasement
polymer layer as described above, while minimizing response tails due to mechanical
oscillation or multireflection by selecting a polymer with a suitable level of acoustic

damping.

[0091] In various aspects, the encasement polymer material may be a low-index
polymer, defined herein as a polymer with a refractive index less that the corresponding
refractive indices of the WGM resonator and coupling waveguide. Without being

limited to any particular theory, the inclusion of a encasement polymer material results
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in enhanced coupling induced mode broadening of the WGM resonator and coupling
waveguide relative to an equivalent system in air. By way of non-limiting example, the
fiber mode distribution for an optic fiber encased in a low-index polymer (see FIG. 1D)
is broader as compare to the corresponding fiber mode distribution for the optic fiber in
air (see FIG. 1B). Consequently, the refractive index of the selected encasement
polymer may ameliorate the sensitivity of sensor performance to precise positioning of
coupling fiber at an optimal gap separation distance, as described in additional detail
below. Without being limited to any particular theory, refractive index contrast (#consrast
= Rresonator/Mpolymer), described in additional detail below, influences the Lorentzian
lineshape (FIG. 6) and loading curve (FIG. 16B) of the WGM resonator. In particular,
as Neontrast approaches unity, the Lorentzian lineshape and loading curve are broadened,

and the Q factor is decreased.

[0092] In various other aspects, the acoustic impedance of the encasement
polymer material may be matched to the corresponding acoustic impedance of a sample
to be subjected to ultrasound imaging using an ultrasound imaging system incorporating
the WGM resonator-based pressure sensor. By way of non-limiting example, PDMS is
a polymer with a relatively low degree of acoustic mismatch (approximately 2-fold)
with typical biological tissues. In various additional aspects, the acoustic damping of the
encasement poly mer material may be selected to inhibit internal echoing of ultrasound
waves within the encased pressure sensor, while maintaining efficient transmission of

the ultrasound waves to the WGM resonator.

[0093] In various aspects, any suitable optical polymer known in the art may be
selected for use as an encasement polymer without limitation. In various aspects, the
encasement polymer includes, but is not limited to, UV-cured polymers or water-cured
polymers. Non-limiting examples of suitable encasement polymer materials include

PDMS, PFOA, and non-PFOA type fluoro (meth)acrylates.

d. Center Frequency
[0094] In various aspects, the center frequency of the acoustic response band of
the WGM-based sensor is determined by the intrinsic mechanical mode of the resonator.
By way of non-limiting example, in a microsphere, the mechanical resonant frequency
for the same order mechanical mode is inversely proportional to the diameter of the

microsphere resonator, in agreement with the theoretical expectation based on the free
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sphere model. By way of another non-limiting example, for chip-based microdisk or
microtoroid resonators, the mechanical resonant frequency is approximatively inversely

proportional to the length of the free-standing disk membrane, i.e., undercut size.

e. Coupling Gap
[0095] In various aspects, the coupling gap of the WGM resonator-based
pressure sensor is selected to enhance any one or more of at least several sensor
performance parameters including, but not limited to, critical coupling of the WGM

resonator and coupling waveguide, and sensor sensitivity.

[0096] Without being limited to any particular theory, the coupling induced mode

broadening k. is found to be proportional to exp(—2yd) where y is the field attenuation

coefficient outside the resonator body (estimated by 274/n2,,,trqst — 1/A), and d is the
width of coupling gap. In the air background #contrast = Hresonator, and in polymer

packaging Hcontrast = Aresonator/ HNpolymer-.

[0097] In some aspects, sensitivity of the WGM resonator-based pressure sensor
is enhanced when the laser frequency is locked on the center of one side of the
Lorentzian lineshape of the WGM resonator, as illustrated in FIG. 16A for a sensor with
no encasement (air), and in FIG. 16B for a sensor with a low-index polymer
encasement. When thermally locked, the short-wavelength side is stable for materials
with positive thermo-optical coefficients (dielectric materials), while the long-
wavelength side is stable for materials with negative thermo-optical coefficients
(polymers). Analytically, this may be expressed as:

KoKc

TAw) =1 ————2°<—— Eqn. (6
(Aw) e (S5 qn. (6)
Q=% Q,=% Eqns. (7) and (8)
Ko Kc
trc
Awideal =4 (Kf/g ) Eqn (9)

where Ao is the angular frequency detuning between pump laser and the real-time

resonance, and T is the observable transmission.

[0098] In other aspects, the ideal operation detuning occurs at the largest slope in
the transmission spectrum, so that the small signal indicated by the resonance shift
could be amplified the most. In addition, the coupling induced k, is related to the depth

and the width of the Lorentzian lineshape of the transmission. By way of non-limiting
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example, FIG. 6 is a graph of a transmission spectrum, on which the depth 602, width

604, and maximum slope 606 are denoted.

[0099] In one aspect, a standard coupling criterion is defined to be “critical
coupling”, where xy = k., and the deepest lineshape is achieved with a straightforward
indicator of full extension of transmitted power. Since there is k. = kgexp(—2yAd),
where Ad is the gap width detuning from the gap of critical coupling, the theoretical

sensitivity, proportional to T'(Aw;4.4;), could be written as a function of Ad:

18e~2VAd

T"(B0idear) = Fp rommmaay Eqn. (10)
[0100] By normalizing the sensitivity at critical coupling, a loading factor
induced by the coupling is defined:

89—2yAd
(1+e—2yAd)s

I'(Ad) = Eqn. (11)

[0101] As illustrated in FIGS. 16A and 16B, the loading factors at 780 nm in air

and in polymer (n=1.33), respectively are plotted.

f. Microtoroid Fabrication Method
[0102] In various aspects, microtoroid WGM resonators may be fabricated on

silicon wafers or any other suitable substrate using any suitable method known in the
art. By way of non-limiting example, FIG.12 is a summary of a microtoroid fabrication
method in one aspect. Referring to FIG. 12, a silica layer is oxidized on a single-crystal
silicon substrate (Step 1), and HDMS is deposited over the silica layer by any suitable
method including, but not limited to, thermal evaporation and spin coating (Step 2). In
this aspect, a UV mask is deposited over the photoresist followed by UV exposure (Step
3) to remove the unmasked photoresist during developing (Step 4). The portion of the
silica layer exposed by the removal of the photoresist is removed using any suitable
method without limitation. Portions of the silicon substrate are removed to form a
support column (Step 6) using any suitable method, followed by the formation of a
silica lip around the perimeter of the silica layer by any known method including, but
not limited to, COz laser reflowing (Step 7) to complete the microtoroid. An image of a

microtoroid fabricated using the method described above is provided in FIG. 19.

[0103] in various aspects, the optical resonaior may be provided in any switable
form wnchding, but not fismied 1o, a microtoroid, a microdisk, a microring, a

microsphere and any other suitable form. In various other aspects, the optical resonators
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may be constructed from any suitable material including but not limited to, silicon,

silica, lithium niobite, and any other suitable materials without limitation.

g. Sensor Packaging Method
[0104] In various aspects, the optical WGM resonator-based acoustic sensor is
characterized as having a submillimeter-level footprint, enabling the formation of
compact sensor arrays. In some aspects, the on-chip design of the optical WGM
resonator-based acoustic sensor could be used to construct 1D or 2D sensor arrays with

a period as small as 0.3 mm.

[0105] In one aspect, the WGM resonators described herein may be fabricated on
a commercial silicon wafer using any suitable existing fabrication method without
limitation. In another aspect, the cost of the sensors could be greatly reduced due to the
compatibility of suitable fabrication methods to current semiconductor industry

manufacturing systems and methods.

[0106] By way of non-limiting example, shown illustrated in FIGS. 13A and
13B, microtoroid resonators 1302 are fabricated on a substrate 1312 with an engineered
mechanical spectrum and supporting walls on the side. Tapered fibers 1304 with
optimal diameter are fabricated and positioned within the encapsulating polymer 1306
to couple the tapered fiber 1304 with a microtoroid 1302. In one aspect, a fiber guide
1308 is fabricated on the substrate 1312 to facilitate the positioning of the tapered fiber
1304 adjacent to the microtoroid 1302. In this aspect, the substrate 1312 may be coupled
to an adjustable platform including, but not limited to a microstage or micromanipulator
configured to move the platform and attached fiber guide 1308 and microtoroid 1302
relative to the tapered fiber 1304.

[0107] In this aspect, the microtoroid 1302 and fiber 1304 are covered with a
UV-curable low-index polymer as illustrated in FIGS. 13A and 13B. The polymer-
covered microtoroid 1302 and fiber guide 1308 are then moved to tune to the optimal
coupling gap in polymer by adjusting the gap 1310 between the microtoroid 1302 and
fiber 1304. In one aspect, the optimal tuning gap may be identified by iteratively
obtaining transmission spectra using a computing device as illustrated in FIG. 14 for
different gap distances. Once the microtoroid 1302 and fiber 1304 are positioned at the
desired gap as described above, the low-index polymer is exposed directly to UV light

and the real-time transmission spectrum is monitored as illustrated in FIG. 14 until an
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indication of the curing of coupling region is detected. In one aspect, the indication of
the curing of coupling region includes a fast shift of optical resonance in the
transmission spectra. In another aspect, the entire sensor device may be covered with a
plastic film to establish an inert environment for UV curing the polymer layer. Within
this inert environment, the entire encapsulation polymer layer may be cured in this

aspect.

[0108] In one aspect, the driving system of the optical resonators, illustrated in
FIG. 14, may be provided as a phone-sized system. This phone-sized system may be
used to assess device performance while positioning the fiber and microtoroid, as well

as to operate the pressure sensor in a variety of devices as described herein.
II. Imaging Systems

[0109] In various aspects, the optical-resonator-based acoustic sensors described
above simultaneously achieve high sensitivity and broad bandwidth at levels
unprecedented for previous acoustic sensor configurations. In some aspects, at least one
optical-resonator-based acoustic sensor could serve as an acoustic detector in a clinical
imaging system, including, but not limited to, an ultrasound acoustic imaging system, a
photothermal imaging system, and any other suitable clinical imaging system that

includes the detection of acoustic signals.

a. Ultrasound Imaging Systems
[0110] In one aspect, the optical-resonator-based acoustic sensors are

incorporated into an ultrasound imaging system 1500, as illustrated in FIG. 15. In this
aspect, an optical-resonator-based acoustic sensor 1502 replaces existing piezoelectric
transducers for detecting ultrasound in a probe array 1504, while retaining the
piezoelectric transducers within the ultrasound probe head 1506 for generating the US
pulses that are scattered, reflected, or otherwise altered by the imaged tissues. With the
enhanced sensitivity and expanded bandwidth relative to conventional devices such as
piezoelectric sensors, the optical-resonator-based acoustic sensor 1502 collects
sufficient information for image reconstruction even from strongly attenuated
ultrasound signal at high frequency. Consequently, the incorporation of the optical-
resonator-based acoustic sensor 1502 could help to overcome the tradeoff between
resolution (frequency determined) and the penetration depth for the current clinical

ultrasound systems.
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[0111] In various aspects, the ultrasound imaging system makes of ultrasound
waves of any frequency above about 20 kHz without limitation. As described above,
the whisper gallery mode microresonators may be configured to detect a wide range of
acoustic frequencies. In some aspects, the ultrasound imaging system makes use of
waves with frequencies ranging from about 20 kHz to about 200 MHz or higher. In
other aspects, the ultrasound imaging system makes use of waves with frequencies
ranging from about 20 kHz to about 200 MHz or higher including, but not limited, to a
range of about 2 MHz to about 20 MHz as is used in existing ultrasound imaging
systems, ultrahigh frequency ultrasound ranging from about 100 MHz to about 300
MHz, and any other suitable ultrasound frequency. By enabling the usage of high
frequency ultrasound for applications with a deep penetration requirement, the disclosed
optical-resonator-based ultrasound detector could greatly increase the resolution of

ultrasound imaging.

[0112] Referring again to FIG. 15, the ultrasound signal is transmitted from a
conventional transducer 1506, while the echo signal is collected by the optical-
resonator-based ultrasound sensors 1502 in a probe array 1504. A portable optical
controlling module 1508 is utilized to drive the optical sensors 1502 in the probe array
1504 to detect ultrasound signals produced by a tissue to be imaged in response to
ultrasound pulses produced by the conventional transducer 1506. The optical controlling
module 1508 is operatively coupled to each optical-resonator-based ultrasound sensor
1502 in the probe array 1504. In addition, the optical controlling module 1508 is
operatively coupled to an imaging control and analysis system 1520 configured to
operate the conventional transducer 1506, to receive signals from the probe array 1504,
and to reconstruct an ultrasound image based on the signals received from the probe

array 1504.

[0113] Referring again to FIG. 15, the optical controlling module 1508 includes a
light source 1516 and a light receiver 1514 operatively coupled to the optical-resonator-
based ultrasound sensors 1502 of the probe array 1504. The light source 1516 produces
light that is directed into at least one coupling waveguide (not illustrated) used to couple
light into the optical-resonator-based ultrasound sensors 1502. The light receiver 1514
includes at least one light detector (not illustrated) configured to detect light received
from the at least one coupling waveguide as modulated by the optical-resonator-based

ultrasound sensors 1502. The optical controlling module 1508 further includes a signal
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processing module 1512 configured to transform the output of the at least one light
detector of the light receiver 1514 into electrical signals encoding the light detector
output. The electrical signals produced by the signal processing module 1512 are
communicated to the signal outputs 1510 of the probe array 1504 produced in response
to detected ultrasound signals from the tissues to the imaging control and analysis

system 1520.

[0114] In various aspects, the probe array 1504 includes at least one optical-
resonator-based ultrasound sensor 1502. In some aspects, the probe array 1504 includes
a plurality of optical-resonator-based ultrasound sensors 1502 arranged in an array
pattern including, but not limited to, a 1D linear array pattern and a 2D array pattern.
The 2D array pattern includes any suitable 2D array pattern without limitation. Non-
limiting examples of suitable 2D array patterns include Cartesian grid patterns, circular
patterns such as a single circle of sensors or multiple concentric circles of sensors, and
any combination thereof. In one aspect, the probe array 1504 is a 1D linear array that
includes a plurality of sensors 1502, as illustrated in FIG. 15. All sensors of the probe

array are encapsulated in a continuous low-index polymer layer as described above.

[0115] In various aspects, the spacing between adjacent sensors 1502 within the
sensor array 1504 may be uniform or the spacings may vary between different adjacent
sensors 1502. The spacings between sensors 1502 within the probe array 1504 may be
selected based on any one or more of at least several factors including, but not limited
to, the desired spatial resolution of the imaging system, the dimensions of the WGM
resonators and coupling waveguides, the architecture of sensor array, the avoidance of
cross-talk between adjacent sensors, and any other relevant factors without limitation.

In some aspects, the minimal separation between adjacent sensors 1502 within the probe

array 1504 is at least five um to avoid cross-talk of the sensors 1502.

[0116] In various additional aspects, the sensors of the sensor array have
essentially equal dimensions. In other aspects, at least a portion of the sensors 1502
may have different dimensions. Without being limited to any particular theory, a range
of sensor sizes may provide the sensor array with enhanced sensitivity to acoustic

signals over a variety of frequency ranges.

[0117] In various additional aspects, each sensor 1502 of the probe array 1504

may be coupled to separate coupling waveguides, such that the number of sensors 1502
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is equal to the number of coupling waveguides. In other additional aspects, at least a
portion of the sensors may share coupling to a shared coupling waveguide. In some
additional aspects, the probe array may include one or more shared coupling
waveguides shared by one or more portions of the sensors as well as an additional

portion of the sensors each coupled to separate coupling waveguides.

[0118] FIG 5 1s g schematie iHusiration showing the introduction of ulirasound
pulses mio a tissue and the detection of ultrasound signals produced by the tissue using
an optical-resonator-based acoustic sensor systesmn FGO within an ultrasound inmmaging
svatem 500 stmilar to the systern 1500 illustrated in FIG 13 Referring 1o FIG. 5, at
least one WGM micro-resonator 102 and coupled waveguide 104 of the acoustic sensor
sysien 100 may be acoustically coupled to a tissue 504 fo be imaged. A convenlional
ubirasound transducer 506 divects utrasound pulses SO8 indo the tissge 304 to induce an
acoustic signal 502, 1o one aspect, ight coupled into the WGM macro-resonator 107 13
producad using a laser 101 directed through a polarization controller {not dlustrated).
Acoustic signals 302 inieract with the WM micro-resonator 102 as deseribad above
and are detected 1o the form of changes in the laser signal detected by a light detector
106 coupled to an output port 108 of the coupled waveguwide 104, The output signals of
the light detector 106 are conumunicaied (o a computing device 112 functicning as a
signal anatyzer. In one aspect, the computing device 122 transforms the output signals
of the light detector 106 o acoustic signals in the form of optical resonance
ampiitudes of the micro-resonator, as itfustrated 1o FIG 7. In another aspect, the
computing device 112 transforms the outpuet signals of the light detector 166 into
acoustic signals in the form of may oblain a the acoustic signal may be oblained using a
resonant wavelengih identified from a spectral response of the nucro-resonator 634, ag

Hiustrated in FIG. 6.

[0119] In some aspects, the ultrasound imaging system is provided with a single
optical-resonator-based acoustic sensor systent. In this aspect, a focused ultrasound
source is applied to transmit an ultrasound wave, while the single optical-resonator-
based acoustic sensor systam cotlects the echo and locates the depths of reflectors (A-
scan image). A B-scan image is acquired by mechanically scanning the bounded source

and the sensor.

[0120] In other aspects, the ultrasound imaging system is provided with an array
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of optical-resonator-based acoustic sensors, as illustrated in FIG. 15. In this aspect, the
focusing and scanning of the ultrasound is achieved by a transducer phase array. In
some aspects, a real-time B-scan image may be acquired by applying a suitable beam-
forming algorithm to the collected signal group of the optical sensors. In another
aspect, tilted plane-wave ultrasound may be transmitted by a transducer phase array and
the transmitting angle could be scanned. The reflection signal may be collected by the
optical-resonator-based acoustic sensor array. With a suitable beam-forming algorithm,

ultra-fast B-scan image acquisition may be achieved.

[0121] In various aspects, an array of optical-resonator-based acoustic sensors
includes at least two WGM resonators arranged in a spatial array including, but not
limited to, one of a linear array, a 2D array such as a planar array or a ring array, and a
3D array such as a cylindrical or hemi-spherical array. In some aspects, the at least two
WGM resonators in an array are each coupled to separate coupling fibers, light sources,
and light detectors. In other aspects, at least two WGM resonators in the array are

coupled to the same coupling fiber, light source, and light detector.

[0122] In other additional aspects, the at least two WGM resonator-based
pressure sensor systems in the array are essentially identical with respect to size, central
frequency, operating wavelength, sensitivity, and any other relevant operational
parameter. In yet other addiiicnal aspects, at least two WGM resonator-based pressure
sensor systems may differ in one or more parameter including, but not limited to,
resonator diameter, resonator material, gap separation distance, operating wavelength,
encasement polymer material, coupling taper material, coupling taper diameter, and any

other relevant parameter.

[0123] In an additional aspect, the optical-resonator-based acoustic sensor sysiern
may be mcarporated o existing ultrasound iraging sysiems o enhance the quality of
harmonic utrasound imaging. Harmonic ultrasound imaging enjoys high sensitivity and
specificity due to the high-frequency nonlinear ultrasound echo from the imaged target.
However, the weak and broadband nature of the nonlinear signal imposes a challenging
requirement for the ultrasound detector. The optical-resonator-based acoustic sensor
could be employed to (1) efficiently collect the nonlinear ultrasound echo; (2) allow a
sufficiently broad detecting band to enable pumping ultrasound at higher frequency and

short pulse duration (for higher resolution).
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b. Photoacoustic Imaging Systems

[0124] In various aspects, the optical-resonator-based acoustic sensors are
incorporated into an ultrasound imaging system. Without being limited to any particular
theory, at least one light pulse is introduced into a tissue to be imaged, and the energy of
incident photons absorbed by structures within the tissue and re-emitted photoacoustic
signals in the form of ultrasonic waves. The emitted ultrasonic waves are subsequently
detected by at least one ultrasound transducer and the detected signals are used to
reconstruct the photoacoustic images. In various aspects, optical-resonator-based
acoustic sensors configured to detect photoacoustic signals are compatible with any
existing ultrasound imaging system without limitation. Non-limiting examples of
ultrasound systems compatible with optical-resonator-based acoustic sensors include

photoacoustic microscopy (PAM) systems and computed tomography (PACT) systems.

[0125] Referring to FIG. 26, the photoacoustic system 2600 in one aspect
includes a photoacoustic (PA) light source 2602 including, but not limited to, at least
one pulsed laser configured to produce a plurality of laser pulses 2604 to be directed
into a tissue 2606 using at least one optical element of a PA optics module 2608. In an
aspect, each laser pulse 2604 produced by the PA light source 2602 is configured to
induce a plurality of PA signals 2610 from structures 2612 within the portion of the
tissue 2606 to which the laser pulse 2604 is directed. As described herein above, the
plurality of PA signals 2610 induced by the single laser pulse 2604 are detected by a
transducer array 2614 and reconstructed into a PA image (not illustrated) using any

suitable reconstruction method known in the art.

[0126] Referring again to FIG. 26, in one aspect the PA signals 2610, which
include a plurality of ultrasound waves, are collected by at least one optical-resonator-
based ultrasound sensor 2616 in the transducer array 2614. Any suitable optical sensor
described herein may be incorporated as an optical-resonator-based ultrasound sensor
2616 in the transducer array 2614 without limitation. As illustrated in FIG. 26, the
photoacoustic system 2600 further includes at least one transducer light source 2618 and
at least one transducer light detector 2620 operatively coupled to the optical-resonator-
based ultrasound sensors 2616 of the transducer array 2614. The light source 2618
produces light that is directed into at least one coupling waveguide 2622 used to couple
light into the optical-resonator-based ultrasound sensors 2616. The transducer light

detector 2620 includes at least one light detector (not illustrated) configured to detect
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light received from the at least one coupling waveginde 2622 as modulated by the

WGM resonator 2624 of the optical-resonator-based ultrasound sensor 2616.

[0127] A controller 2626 is utilized to drive the optical sensors 2616 in the
transducer array 2614 to detect the PA signals 2610 produced by the tissue 2606 in
response to laser pulses 2604 produced by the PA light source 2602. The controller
2626 is operatively coupled to each optical-resonator-based ultrasound sensor 2616 in
the transducer array 2614 via the transducer light sources 2618 and the transducer light
detectors 2620. In some aspects, the controller may include a signal processing module
(not illustrated) configured to transform the output of the at least one transducer light
detectors 2620 into electrical signals encoding the detector outputs. In addition, the
controller 2626 is operatively coupled to a PA imaging analysis module 2628
configured to reconstruct an ultrasound image based on the signals received from the
transducer array 2614. In some aspects, the controller 2626 may be provided in the form
of an optical controlling module similar to the portable driving system described above

and illustrated in FIG. 14 and FIG. 25.

[0128] In various aspects, each of the at least one pulse lasers of the PA light
source 2602 may produce a plurality of laser pulses at a pulse wavelength. The pulse
wavelength may be selected based on any one or more of at least several factors
including, but not limited to, enhanced penetration of the particular tissue to be imaged
by the pulse wavelength, enhanced contrast of structures of interest with respect to
surrounding structures, as may be useful in non-labeled visualization of circulating
tumor cells, and enhanced contrast of exogenous structures of interest as may be useful
in SIP-PACT imaging of the perfusion of contrast agents such as NIR dyes. In one
aspect, a pulse wavelength ranging from about 650 nm to about 1350 nm may be
selected to maximize optical penetration through a whole body of a mammal to be
imaged, as this wavelength range is to encompass pulse wavelengths that are less
attenuated within mammalian tissues relative to wavelengths falling outside of this
“optical window”. In one particular aspect, a pulse wavelength of about 1064 nm may
be selected to enable PA imaging in mammalian tissues using the PA imaging system
2600.

[0129] In various aspects, the PA light source 2602 may produce laser pulses at a

single wavelength, at two (dual) wavelengths, or at three or more (multiple)

-20.



WO 2021/055823 PCT/US2020/051596

wavelengths as needed. In various aspects, the plurality of laser pulses may be produced
at one or more wavelengths within a range of from approximately 650 nm to
approximately 1350 nm, thereby enabling maximal optical penetration for whole-body
imaging of animal subjects. Without being limited to any particular theory, this
wavelength range is characterized by enhanced penetration through biological tissues;
for example, this wavelength range is previously known to correspond to pulse

wavelengths where mammalian tissues least attenuate light.

[0130] In various other aspects, the PA imaging system 2600 may make use of a
single pulse wavelength selected for enhanced penetration of a particular tissue to be
imaged, and/or enhanced contrast of structures of interest with respect to surrounding
structures. In another aspect, the PA imaging system 2600 may make use of dual and/or
multiple pulse wavelengths to enable functional imaging including, but not limited to
determining oxygen saturation within blood and other tissues. For example, a first pulse
wavelength may be selected to enable maximum contrast for oxy-hemoglobin, and a
second pulse wavelength may be selected to enable maximum contrast for deoxy-
hemoglobin or, alternatively, enable maximum contrast for all hemoglobin.
Dual/multiple pulse wavelengths may also be selected for enhanced contrast of different
structures, such as blood cells, CTCs, white blood cells, contrast agents such as NIR
dyes, or enhanced contrast of exogenous structures of interest (i.e. perfusion of contrast
agents such as NIR dyes). In various aspects, the PA imaging system 2600 may include
a pulsed laser producing laser pulses at a single pulse wavelength including, but not
limited to: a 720 nm laser such as a LS-2145-LT-150 Ti-sapphire (Ti-Sa) pulsed laser
(Symphotic Tii) with 20 Hz repetition rate and 12 ns pulse width; a 1064 nm laser such
as a DLS9050 pulsed laser (Continuum) with a 50 Hz repetition rate and a pulse width

ranging from about 5 ns to about 9 ns; and any other suitable pulsed laser.

[0131] In various aspects, the PA optics module 2608 of the PA imaging system
2600 include one or more optical elements configured to direct the plurality of laser
pulses produced by the PA light source 2602 into a tissue 2606 to be imaged. In some
aspects, the focal region of the ultrasound transducer array 2614 coincides with at least
a portion of the tissue to be imaged that is illuminated by the laser pulses 2604, so that
PA signals 2610 induced by the plurality of laser pulses 2604 are detected by the

transducer array 2614 and used to reconstruct one or more PA images.
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[0132] In various aspects, the one or more optical elements (not illustrated) of the
PA optics module 2608 are operatively coupled to the PA light source 2602 in order to
receive the plurality of laser pulses produced by at least one pulsed laser. Further, the
one or more optical elements are configured to perform various transformations of the
plurality of laser pulses including, but not limited to: altering the direction of travel of
each laser pulse; redistributing the distribution of light energy across a cross-sectional
area of each laser pulse into an essentially uniform spatial distribution of light energy;
altering the cross-sectional size and/or shape of each laser pulse; modulating the light
intensity or fluence of each laser pulse; modulating the relative time of arrival of two
different laser pulses produced by two corresponding pulsed lasers, selectively
transmitting or blocking transmission of laser pulses from one or more pulsed lasers,

and any other suitable transformation of the plurality of laser pulses.

[0133] Non-limiting examples of suitable optical elements suitable for
incorporation into the PA optics module 2608 of the PA imaging system 2600 include
one or more of prisms, mirrors, diffusers, condensers, lenses, beam splitters, beam
combiners, optic fibers, wave-guides, and any other known optical element suitable for
modifying one or more characteristics of the laser pulse. Non-limiting examples of
characteristics of a laser pulse that may be modified and/or modulated using one or
more optical elements include: cross-sectional profile, cross-sectional dimensions,
direction of travel, wave speed, wave length, polarization, intensity, phase, wavefront
shape, superposition with other laser pulses, cross-sectional energy homogeneity, pulse
width, delay with respect to other laser pulses in a pulse series, and any other relevant

characteristics of a laser pulse.

[0134] In an aspect, a diffuser may be configured to homogenize a laser pulse
profile so that the energy intensity is distributed uniformly across a cross-sectional area
of a laser pulse. Non-limiting examples of suitable diffusers include various engineered
diffusers such as ring diffusers. In one aspect, the diffuser may be a commercially
available engineered diffuser including, but not limited to, an EDC-10-A-1r (RPC
Photonics). Non-limiting examples of suitable condensers include various customized
condensers, such as a customized ring condenser. Non-limiting examples of suitable
prisms include triangular prisms, thomboidal prisms, and any other suitable prism. Non-
limiting examples of suitable lenses include convex lenses, concave lenses, cylindrical

lenses, half-cylinder lenses, compound lenses, and any other suitable lens. In another
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aspect, the lens may be a commercially available lens including, but not limited to, an
AX-FS-1-140-0 conical lens (Del Mar Photonics). Non-limiting examples of suitable

mirrors include planar mirrors, convex mirrors, and concave mirrors.

[0135] In various aspects, the one or more optical elements may be further
configured to enable an illumination approach selected according to the region or tissue
to be imaged and/or the type of imaging to be conducted using the PA imaging system
2600. In one aspect, the one or more optical elements may be configured to enable a top
illumination approach (see FIG. 26) or a side illumination approach. The selection of
specific optical elements incorporated into the PA imaging system 2600 may be
influenced at least in part by the illumination approach to be used by the PA imaging
system 2600.

III. Computing Systems and Devices

[0136] FIG. 8 depicts a simplified block diagram of a computing device 800 for
implementing the methods described herein. As illustrated in FIG. 8, the computing
device 800 may be configured to implement at least a portion of the tasks associated
with disclosed method using the disclosed optical-resonator-based pressure sensor
system. The computer system 800 may include a computing device 802. In one aspect,
the computing device 802 is part of a server system 804, which also includes a database
server 806. The computing device 802 is in communication with a database 808 through
the database server 806. The computing device 802 is communicably coupled to the
system 810 and a user computing device 830 through a network 850. The network 850
may be any network that allows local area or wide area communication between the
devices. For example, the network 850 may allow communicative coupling to the
Internet through at least one of many interfaces including, but not limited to, at least one
of a network, such as the Internet, a local area network (LAN), a wide area network
(WAN), an integrated services digital network (ISDN), a dial-up-connection, a digital
subscriber line (DSL), a cellular phone connection, and a cable modem. The user
computing device 830 may be any device capable of accessing the Internet including,
but not limited to, a desktop computer, a laptop computer, a personal digital assistant
(PDA), a cellular phone, a smartphone, a tablet, a phablet, wearable electronics, smart

watch, or other web-based connectable equipment or mobile devices.
[0137] In other aspects, the computing device 802 is configured to perform a

-32-



WO 2021/055823 PCT/US2020/051596

plurality of tasks associated with the operation of an optical-resonator-based acoustic
sensor and/or an imaging system incorporating the optical-resonator-based acoustic
sensor including, but not limited to the ultrasound (US) and photoacoustic (PA) imaging
systems described above. FIG. 9 depicts a component configuration 900 of computing
device 902, which includes database 910 along with other related computing
components. In some aspects, computing device 902 is similar to computing device 802
(shown in FIG. 8). A user 904 may access components of computing device 902. In

some aspects, database 910 is similar to database 808 (shown in FIG. 8).

[0138] In one aspect, database 910 includes imaging data 918 and algorithm data
912. Non-limiting examples of suitable imaging data 918 may include medical imaging
data including, but not limited to, ultrasound imaging data or photoacoustic imaging
data. Non-limiting examples of suitable algorithm data 912 include any values of
parameters defining the operation of the optical WGM resonator-based acoustic sensors,
ultrasound imaging systems, and photoacoustic imaging systems. Non-limiting
examples of suitable algorithm data 912 includes any values of parameters defining the
algorithms associated with the disclosed method as described herein and or any image
reconstruction algorithms used to reconstruct the ultrasound or photoacoustic images as

described above.

[0139] Computing device 902 also includes a number of components that
perform specific tasks. In the example aspect, computing device 902 includes data
storage device 930, imaging component 940, acoustic sensor component 950, and
communication component 960. Data storage device 930 is configured to store data
received or generated by computing device 902, such as any of the data stored in
database 910 or any outputs of processes implemented by any component of computing

device 902.

[0140] Communication component 960 is configured to enable communications
between computing device 902 and other devices (e.g. user computing device 830 and
system 810, shown in FIG. 8) over a network, such as network 850 (shown in FIG. 8),
or a plurality of network connections using predefined network protocols such as

TCP/IP (Transmission Control Protocol/Internet Protocol).

[0141] FIG. 10 depicts a configuration of a remote or user computing device

1002, such as user computing device 830 (shown in FIG. 8). Computing device 1002
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may include a processor 1005 for executing instructions. In some aspects, executable
instructions may be stored in a memory area 1010. Processor 1005 may include one or
more processing units (e.g., in a multi-core configuration). Memory area 1010 may be
any device allowing information such as executable instructions and/or other data to be
stored and retrieved. Memory area 1010 may include one or more computer-readable

media.

[0142] Computing device 1002 may also include at least one media output
component 1015 for presenting information to a user 1001. Media output component
1015 may be any component capable of conveying information to user 1001. In some
aspects, media output component 1015 may include an output adapter, such as a video
adapter and/or an audio adapter. An output adapter may be operatively coupled to
processor 1005 and operatively coupled to an output device such as a display device
(e.g., aliquid crystal display (LCD), organic light emitting diode (OLED) display,
cathode ray tube (CRT), or “electronic ink™ display) or an audio output device (e.g., a
speaker or headphones). In some aspects, media output component 1015 may be
configured to present an interactive user interface (e.g., a web browser or client

application) to user 1001,

[0143] In some aspects, computing device 1002 may include an input device
1020 for receiving input from user 1001. Input device 1020 may include, for example, a
keyboard, a pointing device, a mouse, a stylus, a touch sensitive panel (e.g., a touch pad
or a touch screen), a camera, a gyroscope, an accelerometer, a position detector, and/or
an audio input device. A single component such as a touch screen may function as both

an output device of media output component 1015 and input device 1020.

[0144] Computing device 1002 may also include a communication interface
1025, which may be communicatively coupled to a remote device. Communication
interface 1025 may include, for example, a wired or wireless network adapter or a
wireless data transceiver for use with a mobile phone network (e.g., Global System for
Mobile communications (GSM), 3G, 4G or Bluetooth) or other mobile data network

(e.g., Worldwide Interoperability for Microwave Access (WIMAX)).

[0145] Stored in memory area 1010 are, for example, computer-readable
instructions for providing a user interface to user 1001 via media output component

1015 and, optionally, receiving and processing input from input device 1020. A user
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interface may include, among other possibilities, a web browser and client application.
Web browsers enable users 1001 to display and interact with media and other
information typically embedded on a web page or a website from a web server. A client
application allows users 1001 to interact with a server application associated with, for

example, a vendor or business.

[0146] FIG. 11 illustrates an example configuration of a server system 1102.
Server system 1102 may include, but is not limited to, database server 806 and
computing device 802 (both shown in FIG. 8). In some aspects, server system 1102 is
similar to server system 804 (shown in FIG. 8). Server system 1102 may include a
processor 1105 for executing instructions. Instructions may be stored in a memory area
1110, for example. Processor 1105 may include one or more processing units (e.g., in a

multi-core configuration).

[0147] Processor 1105 may be operatively coupled to a communication interface
1115 such that server system 1102 may be capable of communicating with a remote
device such as user computing device 830 (shown in FIG. 8) or another server system
1102. For example, communication interface 1115 may receive requests from user

computing device 830 via a network 850 (shown in FIG. 8).

[0148] Processor 1105 may also be operatively coupled to a storage device 1110.
Storage device 1110 may be any computer-operated hardware suitable for storing and/or
retrieving data. In some aspects, storage device 1110 may be integrated in server system
1102. For example, server system 1102 may include one or more hard disk drives as
storage device 1110. In other aspects, storage device 1110 may be external to server
system 1102 and may be accessed by a plurality of server systems 1102. For example,
storage device 1110 may include multiple storage units such as hard disks or solid state
disks in a redundant array of inexpensive disks (RAID) configuration. Storage device
1110 may include a storage area network (SAN) and/or a network attached storage

(NAS) system.

[0149] In some aspects, processor 1105 may be operatively coupled to storage
device 1110 via a storage interface 1120. Storage interface 1120 may be any component
capable of providing processor 1105 with access to storage device 1110. Storage
interface 1120 may include, for example, an Advanced Technology Attachment (ATA)
adapter, a Serial ATA (SATA) adapter, a Small Computer System Interface (SCSI)
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adapter, a RAID controller, a SAN adapter, a network adapter, and/or any component

providing processor 1105 with access to storage device 1110.

[0150] Memory areas 1010 (shown in FIG. 10) and 1110 may include, but are not
limited to, random access memory (RAM) such as dynamic RAM (DRAM) or static
RAM (SRAM), read-only memory (ROM), erasable programmable read-only memory
(EPROM), electrically erasable programmable read-only memory (EEPROM), and non-
volatile RAM (NVRAM). The above memory types are example only, and are thus not

limiting as to the types of memory usable for storage of a computer program.

[0151] The computer systems and computer-implemented methods discussed
herein may include additional, less, or alternate actions and/or functionalities, including
those discussed elsewhere herein. The computer systems may include or be
implemented via computer-executable instructions stored on non-transitory computer-
readable media. The methods may be implemented via one or more local or remote
processors, transceivers, servers, and/or sensors (such as processors, transceivers,
servers, and/or sensors mounted on vehicle or mobile devices, or associated with smart
infrastructure or remote servers), and/or via computer executable instructions stored on

non-transitory computer-readable media or medium.

[0152] As will be appreciated based upon the foregoing specification, the above-
described aspects of the disclosure may be implemented using computer programming
or engineering techniques including computer software, firmware, hardware or any
combination or subset thereof. Any such resulting program, having computer-readable
code means, may be embodied or provided within one or more computer-readable
media, thereby making a computer program product, i.e., an article of manufacture,
according to the discussed aspects of the disclosure. The computer-readable media may
be, for example, but is not limited to, a fixed (hard) drive, diskette, optical disk,
magnetic tape, semiconductor memory such as read-only memory (ROM), and/or any
transmitting/receiving medium, such as the Internet or other communication network or
link. The article of manufacture containing the computer code may be made and/or used
by executing the code directly from one medium, by copying the code from one

medium to another medium, or by transmitting the code over a network.

[0153] These computer programs (also known as programs, software, software

applications, “apps”, or code) include machine instructions for a programmable
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processor, and can be implemented in a high-level procedural and/or object-oriented
programming language, and/or in assembly/machine language. As used herein, the
terms “machine-readable medium” “computer-readable medium” refers to any computer
program product, apparatus and/or device (e.g., magnetic discs, optical disks, memory,
Programmable Logic Devices (PLDs)) used to provide machine instructions and/or data
to a programmable processor, including a machine-readable medium that receives
machine instructions as a machine-readable signal. The “machine-readable medium”
and “computer-readable medium,” however, do not include transitory signals. The term
“machine-readable signal” refers to any signal used to provide machine instructions

and/or data to a programmable processor.

[0154] As used herein, a processor may include any programmable system
including systems using micro-controllers, reduced instruction set circuits (RISC),
application specific integrated circuits (ASICs), logic circuits, and any other circuit or
processor capable of executing the functions described herein. The above examples are
example only, and are thus not intended to limit in any way the definition and/or

meaning of the term “processor.”

[0155] As used herein, the terms “software” and “firmware” are interchangeable,
and include any computer program stored in memory for execution by a processor,
including RAM memory, ROM memory, EPROM memory, EEPROM memory, and
non-volatile RAM (NVRAM) memory. The above memory types are example only, and
are thus not limiting as to the types of memory usable for storage of a computer

program.

[0156] In one aspect, a computer program is provided, and the program is
embodied on a computer readable medium. In one aspect, the system is executed on a
single computer system, without requiring a connection to a sever computer. In a further
aspect, the system is being run in a Windows® environment (Windows is a registered
trademark of Microsoft Corporation, Redmond, Washington). In yet another aspect, the
system is run on a mainframe environment and a UNIX® server environment (UNIX is
a registered trademark of X/Open Company Limited located in Reading, Berkshire,
United Kingdom). The application is flexible and designed to run in various different

environments without compromising any major functionality.
[0157] In some aspects, the system includes multiple components distributed
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among a plurality of computing devices. One or more components may be in the form
of computer-executable instructions embodied in a computer-readable medium. The
systems and processes are not limited to the specific aspects described herein. In
addition, components of each system and each process can be practiced independent and
separate from other components and processes described herein. Each component and
process can also be used in combination with other assembly packages and processes.
The present aspects may enhance the functionality and functioning of computers and/or

computer systems.

[0158] Definitions and methods described herein are provided to better define the
present disclosure and to guide those of ordinary skill in the art in the practice of the
present disclosure. Unless otherwise noted, terms are to be understood according to

conventional usage by those of ordinary skill in the relevant art.

[0159] In some embodiments, numbers expressing quantities of ingredients,
properties such as molecular weight, reaction conditions, and so forth, used to describe
and claim certain embodiments of the present disclosure are to be understood as being
modified in some instances by the term “about.” In some embodiments, the term
“about” is used to indicate that a value includes the standard deviation of the mean for
the device or method being employed to determine the value. In some embodiments, the
numerical parameters set forth in the written description and attached claims are
approximations that can vary depending upon the desired properties sought to be
obtained by a particular embodiment. In some embodiments, the numerical parameters
should be construed in light of the number of reported significant digits and by applying
ordinary rounding techniques. Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of some embodiments of the present disclosure
are approximations, the numerical values set forth in the specific examples are reported
as precisely as practicable. The numerical values presented in some embodiments of the
present disclosure may contain certain errors necessarily resulting from the standard
deviation found in their respective testing measurements. The recitation of ranges of
values herein is merely intended to serve as a shorthand method of referring
individually to each separate value falling within the range. Unless otherwise indicated
herein, each individual value is incorporated into the specification as if it were
individually recited herein. The recitation of discrete values is understood to include

ranges between each value.
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[0160] In some embodiments, the terms “a” and “an” and “the” and similar
references used in the context of describing a particular embodiment (especially in the
context of certain of the following claims) can be construed to cover both the singular
and the plural, unless specifically noted otherwise. In some embodiments, the term “or”
as used herein, including the claims, is used to mean “and/or” unless explicitly indicated

to refer to alternatives only or the alternatives are mutually exclusive.

[0161] The terms “comprise,” “have” and “include” are open-ended linking
verbs. Any forms or tenses of one or more of these verbs, such as “comprises,”
“comprising,” “has,” “having,” “includes™ and “including,” are also open-ended. For
example, any method that “comprises,” “has™ or “includes™ one or more steps is not
limited to possessing only those one or more steps and can also cover other unlisted
steps. Similarly, any composition or device that “comprises,” “has” or “includes™ one or
more features is not limited to possessing only those one or more features and can cover

other unlisted features.

[0162] All methods described herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g. “such as™) provided with respect
to certain embodiments herein is intended merely to better illuminate the present
disclosure and does not pose a limitation on the scope of the present disclosure
otherwise claimed. No language in the specification should be construed as indicating

any non-claimed element essential to the practice of the present disclosure.

[0163] Groupings of alternative elements or embodiments of the present
disclosure disclosed herein are not to be construed as limitations. Each group member
can be referred to and claimed individually or in any combination with other members
of the group or other elements found herein. One or more members of a group can be
included in, or deleted from, a group for reasons of convenience or patentability. When
any such inclusion or deletion occurs, the specification is herein deemed to contain the
group as modified thus fulfilling the written description of all Markush groups used in

the appended claims.

[0164] Any publications, patents, patent applications, and other references cited
in this application are incorporated herein by reference in their entirety for all purposes

to the same extent as if each individual publication, patent, patent application or other

-30-



WO 2021/055823 PCT/US2020/051596

reference was specifically and individually indicated to be incorporated by reference in
its entirety for all purposes. Citation of a reference herein shall not be construed as an

admission that such is prior art to the present disclosure.

[0165] Having described the present disclosure in detail, it will be apparent that
modifications, variations, and equivalent embodiments are possible without departing
the scope of the present disclosure defined in the appended claims. Furthermore, it
should be appreciated that all examples in the present disclosure are provided as non-

limiting examples.
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