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(57) Abstract: A device for unblocking and removing secretions from airways, including small airways, by applying oscillated air
flow and acoustic vibrations, illustratively according to preprogrammed protocol that defines at least one of frequency, waveform,
pressure amplitude, and oscillation duration. In an illustrative embodiment, the device applies a combination of air flow oscillations
and acoustic waves to facilitate detachment of mucus from airway walls by matching the resonance of specific airway sections and
mucus, amplifying the effect. For optimization, an algorithm illustratively matches the required frequencies, amplitudes, duty cycle,
and/or relative phases to specific patient and secretion characteristics.
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DEVICE FOR UNBLOCKING AND REMOVING SECRETIONS FROM AIRWAYS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims priority to U.S. Provisional Patent Application
Serial No. 62/616,804, filed January 12, 2018, the disclosure of which is expressly incorporated

herein by reference.

BACKGROUND AND SUMMARY OF THE DISCLOSURE

[0002] The present disclosure relates to devices that assist in breaking up or dislodging
accumulated secretions from airways and, more particularly, to such devices utilized in the
treatment of respiratory disorders.

[0003] Respiratory inhalers are often used in the medical field to treat a variety of upper
respiratory illnesses and diseases. Some upper respiratory diseases may be chronic and require
lifetime therapy. Devices are known in the art to facilitate the removal of mucus and other solids
and fluids from airways, especially for patients with such lifelong, chronic illnesses. However,
conventional secretion removal devices may be inefficient and not well-suited for small airways.
[0004] For example, acute bronchiolitis is a common disease in infants often caused by
viral pathogens and characterized by thick, inflammatory secretions blocking and clogging the
infant’s small airways. This may lead to respiratory distress or respiratory failure, necessitating
mechanical ventilation. Some treatment devices known in the art can worsen the infant’s
condition, while others are not effective in clearing small airways. Similarly, patients with
Chronic Obstructive Pulmonary Disease (“COPD”) suffer from the narrowing of small airways,
but available treatments typically do not effectively treat the small airways. This makes the
functional capacity and perceived well-being of COPD patients suboptimal. Thus, a need exists
for a non-invasive device for treating, and more particularly for unblocking and removing,

secretions in airways, particularly small airways, of patients.

[0005] The device and method of the present disclosure is configured to apply a
combination of air flow oscillations and acoustic waves to facilitate removal of mucus by
breaking down or deagglomerating mucus chunks, detaching them from the airway wall, and
facilitating clearance. Illustratively, the mucus disintegration and detachment from the airway

wall is accomplished by a combination of oscillating air flow and acoustic pulses that are
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configured to match the resonance of specific airway sections and mucus, thus amplifying the
effect by impedance matching principle. For example, an intrapulmonary percussive ventilation
(“IPV”) system working alone tends to push and spread mucus on the airway walls while opening
a hole in the middle of the mucus. Adding acoustics to the air pulsations results in the
disintegration of the mucus and the movement of particles towards the patient mouthpiece until
the airway is nearly completely cleared. For optimization, an algorithm may match the required
frequencies, amplitudes, duty cycle, and relative phases of the oscillating air flow and acoustic
pulses to the specific patient’s geometry and specific secretions.

[0006] According to an illustrative embodiment of the present disclosure, a device for
unblocking and removing secretions from an airway includes an air flow system and an acoustic
system operably coupled to the air flow system. The air flow system includes an air supply, an
electrically operable flow control valve in fluid communication with the air supply, and a flow
controller in electrical communication with the flow control valve. The acoustic system includes
an acoustic pulse generator and an acoustic controller in electrical communication with the
acoustic pulse generator. An air flow pathway is in fluid communication with the air flow system
and in acoustic communication with the acoustic system. The flow controller causes the flow
control valve and the air supply to provide oscillated air flow to the air flow pathway, and the
acoustic controller causes the acoustic pulse generator to provide acoustic vibrations to the
oscillated air flow.

[0007] According to a further illustrative embodiment, the flow controller includes a
processor and a memory, the memory including software executed by the processor for defining
air flow at a defined air flow frequency and amplitude. In an illustrative embodiment, the defined
air flow frequency is between 195 beats per minute (“bpm”) and 405 bpm and the defined air
flow amplitude is between 15 centimeters of water (“cmH20”) and 55 cmH20.

[0008] According to a further illustrative embodiment, the acoustic controller includes a
processor and a memory including software executed by the processor for defining acoustic
vibrations at a defined acoustic vibration frequency and amplitude. In an illustrative embodiment,
the defined acoustic vibration is between 295 Hertz (“Hz”) and 500 Hz.

[0009] In an illustrative embodiment, a pressure sensor is operably coupled to the air flow
pathway and in communication with the main controller, the main controller being configured to
control the air flow system and the acoustic system in response to air pressure detected by the

pressure sensor.
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[0010] According to another illustrative embodiment of the present disclosure, a device
for unblocking and removing secretions from an airway includes an air flow pathway, an air flow
system in communication with the air flow pathway, and an acoustic system in communication
with the air flow pathway. The air flow system includes an air supply, and an electrically operable
flow control valve in fluid communication with the air supply. The acoustic system includes a
pulse generator configured to generate vibrations. A controller is operably coupled to the air flow
system and the acoustic system, the controller being configured to control at least one of
frequency, waveform, pressure amplitude, and oscillation duration of air provided by the flow
control valve, and the controller configured to control at least one of frequency, amplitude, duty
cycle, and relative phase of the vibrations generated by the pulse generator.

[0011] According an illustrative embodiment, the controller includes a processor and a
memory operably coupled to the processor, wherein software stored within the memory is
executed by the processor for defining air flow at a defined air flow frequency and amplitude, and
for defining acoustic vibrations at a defined acoustic vibration frequency and amplitude.
Mlustratively, the defined air flow frequency is between 195 beats per minute and 405 beats per
minute, the defined air flow amplitude is between 15 cmH20 and 45 cmH2O, the defined
acoustic vibration frequency is between 295 Hertz and 500 Hertz, and the defined acoustic

vibration amplitude is between 47 decibels and 109 decibels.

[0012] According to a further illustrative embodiment of the present disclosure, a method
of unblocking and removing secretions from an airway includes the steps of applying oscillated
air flow to an air flow pathway including a secretion and applying acoustic vibrations to the air
flow within the air flow pathway. Illustratively, the oscillated air flow is controlled by
preprogrammed executable instructions that define at least one of frequency, waveform, pressure
amplitude, and oscillation duration. Further illustratively, the acoustic vibrations are controlled
by preprogrammed executable instructions that define at least one of frequency, amplitude, duty
cycle, and relative phases. In an illustrative embodiment, the method further includes the steps of
measuring air pressure within the air flow pathway and adjusting the oscillated air flow and
acoustic vibrations in response to the measured air pressure.

[0013] According to an illustrative embodiment of the present disclosure, a device for
unblocking and removing secretions from airways provides therapy by applying oscillated air
flow and acoustic vibrations according to a preprogrammed protocol that defines frequency,

waveform, pressure amplitude, and/or oscillation duration through software control.
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[0014] According to another illustrative embodiment of the present disclosure, a device
for unblocking and removing secretions from airways provides therapy by applying oscillated air
flow and acoustic vibrations according to an algorithm, stored in a memory as machine readable
instructions executed by a processor, that automatically matches the required frequencies,
amplitudes, duty cycle, and/or relative phases to a specific patient parameters (e.g., height,
weight, geometry, etc.) and/or specific secretion characteristics (e.g., volume, depth, rheological
properties (e.g., viscosity and/or elasticity) and/or surface properties (e.g., surface tension,

cohesivity and/or adhesivity).

[0015] Additional features and advantages of the present invention will become apparent
to those skilled in the art upon consideration of the following detailed description of the
illustrative embodiment exemplifying the best mode of carrying out the invention as presently

perceived.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The detailed description of the drawings particularly refers to the accompanying

figures in which:

[0017] FIG. 1 is a diagrammatic view of an illustrative device of the present disclosure for
unblocking and removing secretions from airways, including a cross-sectional view of a device

body and showing airflow through the device to a patient mouthpiece;

[0018] FIG. 2 is a block diagram of an illustrative printed circuit board including the
controller of the device of FIG. 1;

[0019] FIG. 3 is a diagrammatic view of an illustrative communication system including
the illustrative device of FIG. 1 and providing for the transmission of information, such as
customized prescription and/or effective treatment procedures, between the patient and a

physician;

[0020] FIG. 4 is a diagrammatic view of an illustrative test setup for the experimental
testing of the illustrative device of FIG. 1, showing airflow through the test setup to an artificial

lung;

[0021] FIG. 5A is a first perspective view of the illustrative test setup of FIG. 4,

illustrating the components of the test setup, e.g. a relay box, a solenoid valve, an upstream
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pressure transducer, a downstream pressure transducer, a ventilator valve, a speaker, a test

section, and an artificial lung;

[0022] FIG. 5B is a second perspective view of the illustrative test setup of FIG. 4,
illustrating a pressure regulator of the test set up relative to the components of the test setup

illustrated in FIG. 5A;

[0023] FIG. 6 is a diagrammatic flow chart illustrating the action steps and corresponding

structure of the test setup of FIGS. 4, SA and 5B in an experimental environment;

[0024] FIG. 7A is a graph illustrating results obtained for removing a blockage or plug of
simulated secretion from a simulated airway using air pressure oscillations alone in the illustrative
test setup of FIG. 4, wherein the ventilator valve used for testing purposes is a Percussionaire

intrapulmonary ventilator and the air pressure is set at 30 cmH2O;

[0025] FIG. 7B is a graph illustrating results obtained for removing a blockage or plug of
simulated secretion from a simulated airway using air pressure oscillations alone in the illustrative
test setup of FIG. 4, wherein the ventilator valve used for testing purposes is a Percussionaire

intrapulmonary ventilator and the air pressure is set at 40 cmH2O;

[0026] FIG. 7C is a graph illustrating results obtained for removing a blockage or plug of
simulated secretion from a simulated airway using air pressure oscillations alone in the illustrative
test setup of FIG. 4, wherein the ventilator valve used for testing purposes is a Percussionaire

intrapulmonary ventilator and the air pressure is set at 50 cmH20;

[0027] FIG. 8A is a graph illustrating results obtained for removing a blockage or plug of
simulated secretion from a simulated airway using both acoustic supplementation and air pressure
oscillations combined in the illustrative test setup of FIG. 4, wherein the ventilator valve used for
testing purposes is a Percussionaire intrapulmonary ventilator and the air pressure is set at 30

cmH20;

[0028] FIG. 8B is a graph illustrating results obtained for removing a blockage or plug of

simulated secretion from a simulated airway using both acoustic supplementation and air pressure
oscillations combined in the illustrative test setup of FIG. 4, wherein the ventilator valve used for
testing purposes is a Percussionaire intrapulmonary ventilator and the air pressure is set at 40

cmH20;
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[0029] FIG. 8C is a graph illustrating results obtained for removing a blockage or plug of

simulated secretion from a simulated airway using both acoustic supplementation and air pressure
oscillations combined in the illustrative test setup of FIG. 4, wherein the ventilator valve used for
testing purposes is a Percussionaire intrapulmonary ventilator and the air pressure is set at 50

cmH20;

[0030] FIG. 9A is another graph illustrating results obtained for removing a blockage or
plug of simulated secretion from a simulated airway using both acoustic supplementation and air
pressure oscillations combined in the illustrative test setup of FIG. 4, wherein the ventilator valve
used for testing purposes is a Percussionaire intrapulmonary ventilator and the air pressure is set

at 30 cmH20;

[0031] FIG. 9B is another graph illustrating results obtained for removing a blockage or
plug of simulated secretion from a simulated airway using air pressure oscillations alone in the
illustrative test setup of FIG. 4, wherein the ventilator valve used for testing purposes is a

Percussionaire intrapulmonary ventilator and the air pressure is set at 30 cmH20O;

[0032] FIG. 10A is a graph illustrating results obtained for removing a blockage or plug of
simulated secretion from a simulated airway using both acoustic supplementation and air pressure
oscillations combined in the illustrative test setup of FIG. 4, wherein the ventilator valve used for
testing purposes is a Hill-Rom Metaneb intrapulmonary ventilator and the air pressure is set at 30

cmH20;

[0033] FIG. 10B is a graph illustrating results obtained for removing a blockage or plug of
simulated secretion from a simulated airway using air pressure oscillations alone in the illustrative
test setup of FIG. 4, wherein the ventilator valve used for testing purposes is a Hill-Rom Metaneb

intrapulmonary ventilator and the air pressure is set at 30 cmH2O;

[0034] FIG. 11 is a graph comparing results obtained for measuring the movement of a
simulated secretion blockage or plug within a simulated airway in the illustrative test setup of
FIGS. 4, 5A and 5B, wherein the results of a test setup using air pressure oscillations alone is
compared to the results of a test setup using both air pressure oscillations combined with acoustic

supplementation;

[0035] FIG. 12 is a graph comparing results obtained for measuring the mean dynamic
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viscosity of a simulated secretion blockage or plug within a simulated airway in the illustrative
test setup of FIGS. 4, SA and 5B, wherein the results of a test setup using air pressure oscillations
alone is compared to the results of a test setup using both air pressure oscillations combined with

acoustic supplementation;

[0036] FIG. 13 is a graph comparing results obtained for the air flow mean velocity
through the test section of the illustrative test setup of FIGS. 4, SA and 5B, wherein the results of
a test setup using air pressure oscillations alone is compared to the results of a test setup using

both air pressure oscillations combined with acoustic supplementation;

[0037] FIG. 14A is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within a simulated airway in the illustrative test setup of
FIGS. 4, 5A and 5B using a combination of air pressure oscillations over varied frequencies and

acoustic supplementation over varied frequencies, wherein the air pressure is set at 20 cmH2O,

[0038] FIG. 14B is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within a simulated airway in the illustrative test setup of
FIGS. 4, 5A and 5B using a combination of air pressure oscillations over varied frequencies and

acoustic supplementation over varied frequencies, wherein the air pressure is set at 30 cmH20O;

[0039] FIG. 14C is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within a simulated airway in the illustrative test setup of
FIGS. 4, 5A and 5B using a combination of air pressure oscillations over varied frequencies and

acoustic supplementation over varied frequencies, wherein the air pressure is set at 40 cmH2O;

[0040] FIG. 14D is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within a simulated airway in the illustrative test setup of
FIGS. 4, 5A and 5B using a combination of air pressure oscillations over varied frequencies and

acoustic supplementation over varied frequencies, wherein the air pressure is set at 50 cmH20O;

[0041] FIG. 15A is a key diagram, showing utilized solenoid frequencies (Hz) and
speaker frequencies (bpm) utilized in the illustrative test setup of FIGS. 4, 5A and 5B to obtain
the results illustrated by FIGS. 15B and 15C;

[0042] FIG. 15B is a graph illustrating the results obtained for the time to penetration of a

simulated secretion blockage or plug within a full-length simulated airway in the illustrative test
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setup of FIGS. 4, SA and 5B over a variety of speaker power fractions, solenoid frequencies, and

speaker frequencies, wherein the air pressure is set at 40 cmH20O,

[0043] FIG. 15C is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within a full-length simulated airway in the illustrative test
setup of FIGS. 4, SA and 5B over a variety of speaker power fractions, solenoid frequencies, and

speaker frequencies, wherein the air pressure is set at 50 cmH20O,

[0044] FIG. 16A is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within either a full-length simulated airway or a half-length
simulated airway in the illustrative test setup of FIGS. 4, SA and 5B over a variety of speaker

power fractions, wherein the air pressure is set at 40 cmH2O, the solenoid frequency is set at 300

bpm, and the speaker frequency is set at 300 Hz;

[0045] FIG. 16B is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage within either a full-length simulated airway or a half-length
simulated airway in the illustrative test setup of FIGS. 4, SA and 5B over a variety of speaker
power fractions, wherein the air pressure is set at 40 cmH2O, the solenoid frequency is set at 300

bpm, and the speaker frequency is set at 400 Hz;

[0046] FIG. 16C is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within either a full-length simulated airway or a half-length
simulated airway in the illustrative test setup of FIGS. 4, SA and 5B over a variety of speaker

power fractions, wherein the air pressure is set at 40 cmH2O, the solenoid frequency is set at 400

bpm, and the speaker frequency is set at 300 Hz;

[0047] FIG. 16D is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within either a full-length simulated airway or a half-length
simulated airway in the illustrative test setup of FIGS. 4, SA and 5B over a variety of speaker

power fractions, wherein the air pressure is set at 40 cmH2O, the solenoid frequency is set at 400

bpm, and the speaker frequency is set at 400 Hz;

[0048] FIG. 17A is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within either a full-length simulated airway or a half-length

simulated airway in the illustrative test setup of FIGS. 4, SA and 5B over a variety of speaker
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power fractions, wherein the air pressure is set at S0 cmH2O, the solenoid frequency is set at 300

bpm, and the speaker frequency is set at 300 Hz;

[0049] FIG. 17B is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within either a full-length simulated airway or a half-length
simulated airway in the illustrative test setup of FIGS. 4, SA and 5B over a variety of speaker

power fractions, wherein the air pressure is set at S0 cmH2O, the solenoid frequency is set at 300

bpm, and the speaker frequency is set at 400 Hz;

[0050] FIG. 17C is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within either a full-length simulated airway or a half-length
simulated airway in the illustrative test setup of FIGS. 4, SA and 5B over a variety of speaker

power fractions, wherein the air pressure is set at S0 cmH2O, the solenoid frequency is set at 400

bpm, and the speaker frequency is set at 300 Hz;

[0051] FIG. 17D is a graph illustrating the results obtained for the time to penetration of a
simulated secretion blockage or plug within either a full-length simulated airway or a half-length
simulated airway in the illustrative test setup of FIGS. 4, SA and 5B over a variety of speaker

power fractions, wherein the air pressure is set at S0 cmH2O, the solenoid frequency is set at 400

bpm, and the speaker frequency is set at 400 Hz;

[0052] FIG. 18A is a graph illustrating results obtained for removing a blockage or plug
of simulated secretion from a simulated airway using a solenoid frequency of 400 bpm, a speaker
frequency of 490 Hz, and an air pressure of 30 cmH20O over time at full speaker power, half

speaker power, and zero speaker power;

[0053] FIG. 18B is a pixelated snapshot of the secretion removal results of FIG. 18A

using half speaker power;

[0054] FIG. 18C is a pixelated snapshot of the secretion removal results of FIG. 18A

using zero speaker power;,

[0055] FIG. 19A is a graph illustrating results obtained for removing a blockage or plug
of simulated secretion from a simulated airway using a solenoid frequency of 400 bpm, a speaker
frequency of 490 Hz, and an air pressure of 50 cmH2O over time at full speaker power and half

speaker power;
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[0056] FIG. 19B is a pixelated snapshot of the secretion removal results of FIG. 19A
using half speaker power;
[0057] FIG. 20A is a graph illustrating results obtained for removing a blockage or plug

of simulated secretion from a simulated airway using a solenoid frequency of 300 bpm, a speaker
frequency of 490 Hz, and an air pressure of 40 cmH20O over time at half speaker power with full

secretion amount and zero speaker power with half secretion amount;

[0058] FIG. 20B is a pixelated snapshot of the secretion removal results of FIG. 20A

using half speaker power with full secretion amount;

[0059] FIG. 20C is a pixelated snapshot of the secretion removal results of FIG. 20A

using zero speaker power with half secretion amount;

[0060] FIG. 21A is a pixelated snapshot illustrating results obtained for removing a
blockage of simulated secretion from a simulated airway using a solenoid frequency of 400 bpm

and an air pressure of 50 cmH20 with no acoustic enhancement;
[0061] FIG. 21B is a graph illustrating the results of FIG. 21A;

[0062] FIG. 22A is a pixelated snapshot illustrating results obtained for removing a
blockage of simulated secretion from a simulated airway using a solenoid frequency of 400 bpm
and an air pressure of 50 cmH20 with added acoustic enhancement and a speaker frequency of

490 Hz; and

[0063] FIG. 22B is a graph illustrating the results of FIG. 22A.

DETAILED DESCRIPTION OF THE DRAWINGS

[0064] The embodiments of the disclosure described herein are not intended to be
exhaustive or to limit the disclosure to the precise forms disclosed. Rather, the embodiments
described herein enable one skilled in the art to practice the disclosure.

[0065] Referring initially to FIG. 1, an illustrative device for unblocking and removing
secretions from airways 10 is shown. The illustrative device 10 may be used for the treatment of a

variety of respiratory diseases, e.g. chronic obstructive pulmonary disease, acute bronchiolitis,
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cystic fibrosis, and other diseases. The illustrative device 10 includes a device body 12 that also
serves as the handle for the device 10, allowing the patient to hold the device 10 in one hand
during use. The device body 12 of FIG. 1 is shown in cross-section to illustrate contents of the
device body 12.

[0066] In one illustrative embodiment, a user puts the device 10 into an operational mode
via a user input, for example, by pressing a button 14 on the exterior of the device body 12. In
another illustrative embodiment, the user operates the device 10 using a graphical user interface
(“GUI”) 16 supported on a surface of the device body 12. The user may identify that the device
10 is operational by an audible means or through a visual means, for example, text or backlighting
on the GUI 16, an operational light on the device body 12, etc.

[0067] With further reference to FIG. 1, an air inlet 20 is fluidly coupled to an air flow
system 22 to provide air flow to the device 10. The air flow system 22 illustratively includes an
air supply 24, a pressure regulator 26 and a control valve 28. The control valve 28 is illustratively
an electrically operable valve, such as a solenoid valve. A flow controller, illustratively a
ventilator valve 30, is illustratively coupled to the air supply 24. As further detailed herein, the
ventilator valve 30 may be defined by an intrapulmonary percussive ventilator (“IPV”). The air
inlet 20 may be detachably coupled to a distal end of the device body 12 by an air inlet connector
31, allowing air flow to enter an internal air duct or passageway 34.

[0068] As shown in FIG. 2, a printed circuit board 40 is illustratively provided within
device body 12 and, in an illustrative embodiment, supports a main controller 42 defined by a
processor 44 and a memory 46. The main controller 42 illustratively includes a flow controller
42a and an acoustic controller 42b. A pressure sensor 48, an audible output device 50 (e.g., a
buzzer), a real-time clock 52, and a backup battery 54 for the real-time clock 52 may also be
supported by the printed circuit board 40 and are in electrical communication with the main
controller 42. Additionally, a data acquisition unit 41 illustratively communicates feedback from
the pressure sensor 48 to the main controller 42 during use of the device 10.

[0069] The device 10 is illustratively powered by a rechargeable battery pack 49. Upon
battery depletion, the user can charge the battery pack 49 by connecting it to an external, off-the-
shelf battery charger. The battery pack 49 illustratively includes a protective circuit to protect the
battery pack 49 from over charge, over discharge, maximum cell voltage, and minimum cell
voltage.

[0070] Referring again to FIGS. 1 and 2, the air inlet 20 is fluidly coupled to the air
supply 24 to provide air to body 12 of device 10. In the illustrative embodiment, air supply 24,
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such as an air blower, may produce air with a pressure of at least 100 pounds per square inch.
Mlustratively, the air inlet 20 is detachably coupled to a distal end of the device body 12 by the air
inlet connector 31, allowing air flow to enter the internal air duct 34. In an illustrative
embodiment, the connection between the air inlet 20 and the air inlet connector 31 is configured
to provide for a minimum amount of lost air pressure.

[0071] As air moves through the device body 12, the processor 44 illustratively operates
an air pressure regulator 26 and a solenoid control valve 28 according to a preprogrammed
protocol or algorithm stored as machine readable instructions (e.g., software) in the memory 46 of
the controller 42. First, the air pressure regulator 26 illustratively adjusts the pressure of the air
flow from the air supply 24 to an operable level provided by the preprogrammed protocol or
algorithm executed by the controller 42, for example, between 25 and 30 pounds per square inch.
The air moves then from the air pressure regulator 26 to the solenoid control valve 28, which
illustratively opens and closes at a given frequency provided by the preprogrammed protocol or
algorithm executed by the controller 42, for example, between 100 and 300 cycles per minute.
[0072] Air then moves from the device body 12 via internal air duct 34 into the ventilator
valve 30. The ventilator valve 30 may illustratively be an IPV, such as a Phasitron I[PV
manufactured by Percussionaire of Sandpoint, Idaho, or a Metaneb IPV manufactured by Hill-
Rom, Inc., of Batesville, Indiana. In another illustrative embodiment, the ventilator valve 30 may
be comprised of a venturi valve coupled with a T-adapter that may function as an inhalation and
exhalation valve. Illustratively, the solenoid valve 28 and/or the pressure regulator 26 may be
incorporated within the ventilator valve 30.

[0073] In the illustrative embodiment, the air flow system 22 is operably coupled to an
acoustic system 33. More particularly, the ventilator valve 30 of the air flow system 22 is
operably coupled to an acoustic device or speaker 58 of the acoustic system 33, via a
speaker/valve adapter 32. The speaker 58 provides acoustic enhancement to the air within the
ventilator valve 30. More particularly, a speaker amplifier 56 may be disposed in the device body
12 and operably coupled to the controller 42 (either directly or via the data acquisition unit 41).
The speaker 58 and amplifier 56 may comprise a compression driver unit SD-210R 100 W
(neodymium driver) available from Sanming Sound of Huntington Beach, California, or another
acoustic device (e.g., speaker and amplifier) capable of delivering up to at least 133 decibels
(“dB”) of acoustic amplitude between at least 180 Hertz (“Hz”) and 7000 Hz in frequency.
Mlustratively, the controller 42 causes the speaker amplifier 56 to generate acoustic vibration

frequencies according to the preprogrammed protocol or algorithm stored in memory 46.
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Acoustic vibration frequencies may be set at about 100 Hz, about 200 Hz, about 300 Hz, about
400 Hz, about 500 Hz, or about 600 Hz. A maximum acoustic frequency effect has been shown to
occur, for example, at about 400 Hz. The speaker amplifier 56 communicates the acoustic
vibration frequencies to a speaker 58, adding the vibration frequencies to the oscillated air
pressure at the adapter 32.

[0074] Still referring to FIG. 1, an air tube or air flow pathway 60 illustratively provides
for air flow from the ventilator valve 30 to a patient interface 62, such as a detachable mask or
mouthpiece. The detachable mask is configured to be placed over the nose and mouth of the
patient during use. Another embodiment may utilize a detachable mouthpiece 62 configured to be
used only orally. Free air flow is allowed from air duct 34 through the mouthpiece 62 along an
internal air passageway. A patient using mouthpiece 62 can breathe normally while being
provided the oscillated air pressure frequencies generated by the solenoid valve 28 and acoustic
frequencies provided by the speaker 58. In an illustrative embodiment, a nebulizer may also be
included with device 10 to deliver drugs via the respiratory system of the patient as the patient
breathes using the device 10.

[0075] When the patient exhales into the patient interface 62, he or she may do so freely.
During expiration, the device 10 creates expiratory pressure due to the air pressure pulses
controlled by the solenoid valve 28. In one illustrative embodiment, the patient may release air
from a mouthpiece outlet valve coupled to the pressure sensor 48 supported by the printed circuit
board 40. The pressure sensor 48 may comprise an upstream pressure transducer 64 operably
coupled to the air flow pathway 60 for measuring the pressure of the outlet air flow. The pressure
transducer 64 may comprise a pressure transducer available from Kulite of Leonia, New Jersey.
[0076] In another illustrative embodiment, an active controller within the mouthpiece 62
comprises at least one pressure sensor and at least one flow rate sensor and measures airway
resistance, thereby providing feedback to the controller 42. More particularly, the measured
pressure and flow rate allows the preprogrammed protocol or algorithm within the memory 46 as
executed by the processor 44 to optimize the parameters of the device 10 and individualize
parameters for each patient based, for example, on the age and size of the patient and the
properties of the disease or secretion, i.e. mucus.

[0077] In another illustrative embodiment, the processor 44 of the device 10 applies a
protocol or algorithm within the memory 46 to personalize and adjust the device’s air oscillation
and acoustic pulsation according to a response recorded by the memory 46 of the controller 42

during use. The algorithm may also use specific patient parameters (e.g., height, weight, geometry
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of airway, etc.) and specific secretion characteristics to match the required frequencies,
amplitudes, duty cycle, and relative phases of the device 10 to optimize effectiveness for secretion
removal. Secretion characteristics may include volume, depth, rheological properties (e.g.,
viscosity and/or elasticity) and surface properties (e.g., surface tension, cohesivity and/or

adhesivity).

[0078] FIG. 3 shows an illustrative communication system including the device 10. For
example, a sensor 202 measures a breathing response from a patient 204 and communicates the
response to a handheld device 206 in possession of the patient 204, such as a tablet or
smartphone, using a graphical user interface application 207. The handheld device 206 may also
communicate the response to a cloud-base system 208, allowing a physician 210 to access the
recorded response and communicate effective treatment 212 with the patient 204.

[0079] FIGS. 4 and 5A-5B illustrate a test setup 101 which may be utilized to test the
efficiency and effectiveness of the device 10. Test setup 101 includes many of the same
components as device 10, although the components are not necessarily enclosed within a device
body 12. As such, similar components include like reference numbers. Additionally, the test
setup 101 includes a simulated airway 103, a simulated secretion blockage 105 within the
simulated airway 103, and a simulated or artificial lung 107 (e.g., a flexible balloon). A
downstream pressure sensor or transducer 109 is located between the simulated airway 103 and
the artificial lung 107 and is used to measure the effectiveness of device 10 by measuring the air
pressure downstream of the simulated secretion blockage 105 at different device settings.
Similar to the upstream pressure transducer 64, the downstream pressure transducer 109 may
comprise a pressure transducer available from Kulite of Leonia, New Jersey.

[0080] Referring now to FIGS. SA-6, a test sequence is illustrated demonstrating the
function of the test setup 101 of FIG. 4. For example, referring specifically to FIG. 6, a user may
input a desired or defined speaker frequency at input block 150, a desired or defined speaker
amplitude at input block 152, and a desired or defined speaker phase at input block 154 into
memory 46 of controller 42" via the GUI 16. Software in memory 46 illustratively generates a
speaker signal at function block 160 which is then communicated to the data acquisition unit 41"
The user may also input a desired or defined solenoid valve frequency at input block 156 and a
desired or defined solenoid valve phase at input block 158 into the software to generate a
solenoid valve signal at function block 162 which is also communicated to the data acquisition

unit 41°. Varying the speaker phase at input block 154 and the solenoid valve phase at input
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block 158 allows the user to offset the effects of the speaker 58" and the solenoid valve 28°
respectively. The data acquisition unit 41" communicates the solenoid valve signal (generated at
function block 162) to arelay 41° (FIGS. SA-5B) as per function box 164 to operate the solenoid
valve 28" in accordance with the solenoid valve signal (generated at function block 162). The

data acquisition unit 41" also amplifies the speaker signal (generated at function block 160) via a
speaker amplifier 56" to operate the speaker 58" in accordance with the speaker signal (generated
at function block 160).

[0081] Referring further to FIGS. S5A-6, the air supply 24" provides air to the test setup
101; illustratively, the air supply 24" provides air flow at an air pressure of approximately 100
pounds per square inch (“psi”) or approximately 7030.7 centimeters of water (“cmH207). The

air moves through a pressure regulator 26", which regulates the pressure of the air flow to an
operable level as described above. The air then flows from the pressure regulator 26" to the
solenoid valve 28°, operated as described above, and then into the ventilator valve 30,
illustratively coupled to a T-adapter. The air is acoustically enhanced via the speaker 58" coupled
to the ventilator valve 30", which is operated as described above. The air is then free to enter the
test section 166, including the simulated airway 103 containing a blockage 105 comprising
simulated secretion with an artificial lung 107 coupled to a distal end of the simulated airway

103 opposite the ventilator valve 30"

[0082] The upstream pressure transducer 64" and the downstream pressure transducer

109 measure the upstream air pressure at function block 170 and the downstream air pressure at
function block 172, respectively, and communicate the measured pressure data to the data
acquisition unit 41, The data acquisition unit 41" then transmits the measured pressures and time
stamps to a data file in memory 46 of the controller 42 for later analyzation and utilization as per
function block 174.

[0083] For testing purposes, naturally occurring human secretions (e.g., blockage 105),
including mucus, may be modeled by simulated materials. The simulated materials are illustratively
selected based upon properties that generate behavior mimicking that of secretion, such as viscosity
and surface tension. Various secretion characteristics may include volume, depth, rheological
properties (e.g., viscosity and/or elasticity) and surface properties (e.g., surface tension, cohesivity

and/or adhesivity).

[0084] For example, one simulated material used may be mayonnaise. In other

embodiments, the simulated material may be a thixotropic material. For example, a volume of
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one cup of such thixotropic material may include: 1) one- third cup of 40-60 glycerol-water
mixture; 2) one-half cup of lubricating gel, such as Lubri Gel or K-Y Gel; 3) five teaspoons of
powder having nanoparticles in the size of 20 to 50 microns, such as water-soluble
poly(ethylene) oxide polymers (Polyox), alumina, salts, and talcum powder; and 4) five to 10 cc
food coloring or two teaspoons of instant coffee. In additional embodiments, guar gum,
tetraborate, or locust bean gum may be used in place of mucus for testing purposes.
Galactomannan gum, a substance derived of locust beans and comprising galactose and mannose
in a ratio of one galactose unit per four mannose units, and scleroglucan, a substance obtained
through aerobic fermentation of the Sclerotium fungus, may additionally be used in place of
mucus or other secretion for testing purposes.

[0085] The viscosity of the simulated material may be altered by varying the size of the
powder, while paraffin oil may be used to reduce surface tension. Surface tension, viscosity, and
temperature also share a strong dependence. An illustrative contact angle of the simulated
material is about 75 degrees, which may be measured by taking a drop of simulated material
about two millimeters in diameter and measuring the side elevation. Alternatively, an optical
viscosity meter may be used.

[0086] During illustrative testing, video of the airway simulator may be recorded to
post-process and quantify the amount of secretion in the airway simulator as a function of test
duration and direction of secretion motion. With reference to FIGS. 7A-10B, preliminary results
are presented. The results show that flow rates, flow pulsations, and acoustic frequencies affect
the removal of simulated material (blockage) from simulated airways and should not be
interpreted as indicating positive or negative trends. Referring specifically to FIGS. 7A-7C and
8A-8C, data from a test setup utilizing a Percussionaire IPV-1C unit is presented. FIGS. 7A, 7B
and 7C display the percentage of simulated secretion remaining in the simulated airway when
the test was performed without the use of acoustics and using an air pressure of 30 cmH20, 40
c¢cmH20, and 50 cmH20 respectively. Meanwhile, FIGS. 8A, 8B and 8C display the percentage
of simulated secretion remaining in the simulated airway when the test was performed with the
use of acoustics. As can be shown by comparing FIG. 7A with FIG. 8A, FIG. 7B with FIG. 8B,
etc., acoustic enhancement of the air flow results in faster removal of the simulated secretion
from the simulated airway.

[0087] Additional graphical comparison of the amount of simulated secretion in the
simulated airway of a test setup utilizing a Percussionaire IPV system with a set air pressure of

30 cmH20 is shown in FIGS. 9A and 9B. FIG. 9A shows the percentage of simulated secretion
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remaining in the simulated airway using the acoustically enhanced system over time, while FIG.
9B shows the percentage of simulated secretion left in the simulated airway over time when the
standard system (i.e., without acoustics) is used. As shown, the enhanced system can clear the
secretion significantly faster than the standard system.

[0088] Alternately, a graphical comparison of the amount of simulated secretion in the
simulated airway of a test setup utilizing a Hill-Rom MetaNeb IPV system with a set air pressure
of 30 cmH20 is shown in FIGS. 10A and 10B. FIG. 10A shows the percentage of simulated
secretion remaining in the simulated airway using the acoustically enhanced system over time,
while FIG. 10B shows the percentage of simulated secretion left in the simulated airway over
time when the standard system (i.e., without acoustics) is used. As shown, the enhanced system
clears the secretion significantly faster than the standard system.

[0089] Referring now to FIGS. 11-13, additional data is portrayed to demonstrate the
different effects of air flow pulsations without acoustic enhancement as compared to air flow
pulsations with acoustic enhancement. In each of FIGS. 11-13, line 302 demonstrates the effect
of acoustically enhanced air pulsations, while line 304 demonstrates the effect of air pulsations
without acoustic enhancement. Specifically, FIG. 11 measures the movement of a simulated
secretion blockage within the simulated airway during testing. As shown, the secretion blockage
is more effectively moved by air pulsations that have been acoustically enhanced than by air
pulsations without acoustic enhancement.

[0090] Now referring to FIG. 12, the comparative viscosity of the simulated secretion
used during testing is measured in systems using acoustically enhanced air pulsations as
compared to systems utilizing air pulsations without acoustic enhancement. As viscosity of
secretion becomes lower, it is easier to penetrate using the air pulsations and also more
effectively moves within the airway, facilitating the removal of the secretion from the airway. As
demonstrated, the viscosity of secretion drops demonstrably in systems utilizing acoustic
enhancement versus systems that do not use acoustics.

[0091] FIG. 13 demonstrates the average air flow velocity of the air moving into the
artificial lung of a test setup. In an airway with a blockage of secretion, less air flow is moving
into the lung than would be moving into the lung in an airway without a blockage of secretion.
The air flow velocity of air pulsations which have been acoustically enhanced is higher than the
air flow velocity of air pulsations without acoustic enhancement. Additionally, acoustic
enhancement results in oscillation of the air flow, which has a pronounced effect on the

simulated secretion.
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[0092] In the event an airway is completely blocked by secretion, it is desirable to
penetrate the blockage caused by secretion to allow the user to breathe and to better facilitate the
removal of secretion from the airway using the device 10 (FIG. 1). A graphical representation of
the ability of the device 10 (FIG. 1) to penetrate a secretion blockage at a consistent solenoid
pressure and speaker power percentage is portrayed by FIGS. 14A-14D. When the time to
penetration reaches or surpasses 300 seconds, it is assumed the secretion blockage was not
penetrated before it was pushed into the artificial lung being used for testing. For example, FIG.
14A demonstrates that the secretion blockage was not penetrated before being pushed into the
artificial lung when the speaker frequency was between 400 Hz and 500 Hz with a constant air
pressure at 20 cmH20. Looking collectively at FIGS. 14A-14D, the middle range frequencies,
e.g. 300-490 Hz, penetrate the secretion blockage more quickly than the top range or the bottom
range of frequencies tested. Additionally, higher solenoid pressures more consistently penetrate
the secretion blockage at a quicker pace than lower supply pressures.

[0093] The effect of speaker power reduction on the ability of the device 10 (FIG. 1) to
penetrate a secretion blockage is demonstrated by FIGS. 15B-15C using the legend of FIG. 15A.
Where points are not plotted on the graph, or replaced with arrows, it is assumed that penetration
does not occur before the blockage is pushed into the artificial lung used in testing. Specifically,
in FIG. 15B, the points plotted on the graph show the time to penetration at varying solenoid
valve frequencies and speaker frequencies with a consistent air pressure of 40 cmH20 over a
range of speaker power fractions. Alternately, FIG. 15C represents the same data with a
consistent solenoid pressure of 50 cmH20. Air pressures 40 cmH2O0 and 50 cmH20 were
chosen because of the performance of the device 10 (FIG. 1) at these pressures in the previous
tests (FIGS. 14A-14D). As demonstrated by FIGS. 15B-15C, the reduction in speaker power
typically results in an increase in time to penetration. However, any reduction in power between
40% and 80% typically produces penetration at quicker times than one would achieve in
conditions without acoustic aid, where penetration occurs after a significantly longer amount of
time or does not occur at all. This range of speaker power allows for the variability of speaker
power in several different scenarios requiring different sound levels.

[0094] Referring now to FIGS. 16A-16D and FIGS. 17A-17D, the effect of tube length
on the removal of a secretion blockage is portrayed. Within the graphs, the triangle plot points
represent the time it took for penetration using a tube half the length of the full-length tube used
in prior experiments, while the circle plot points represent the time it took for penetration using a

full-length tube. Specifically, FIGS. 16A-16D test the effect of tube length over varying speaker
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power fractions, with consistent solenoid frequencies and at consistent speaker frequencies with
an air pressure of 40 cmH2O. Further, FIGS. 17A-17D also tests the effect of tube length over
varying speaker power fractions with consistent solenoid frequencies and at consistent speaker
frequencies, but with an air pressure of 50 cmH20. Many of the tests showed little to no
discrepancy between the half-length tube and the full-length tube, while others showed a switch
between the half-length tube and the full-length tube in terms of the length of time to
penetration. It is possible to draw the conclusion, therefore, that the length of the tube has little
to no effect on the time it takes the device 10 (FIG. 1) to reach penetration of the secretion
blockage, making device 10 (FIG. 1) suitable for use in both children and adults.

[0095] Data from secretion clearance tests can be seen in FIGS. 18A-18C and 19A-
19B. Specifically, FIGS. 18 A-18C display the amount of secretion over time at a solenoid
frequency of 400 bpm, a speaker frequency of 490 Hz, and an air pressure of 30 cmH20. FIG.
18A compares the test results using full speaker power (104 dB), half speaker power (52 dB),
and zero speaker power. Pixelated snapshots of the 52 dB case can be seen in FIG. 18B, while
pixelated snapshots of the zero power case are shown in FIG. 18C. In the cases of the pixelated
snapshots here and below, the video data is line of sight data, meaning if the secretion is smeared
across the test section, the video will not see anything behind it and assume the test section is
completely full. Therefore, there is an increase in secretion simulant at the start of every test as
the secretion is being penetrated and smeared across the inner wall of the tube. The left side of
each snapshot is the mouth side, while the lung side is on the right side of the image, with timing
moving forward from top to bottom. As demonstrated by FIG. 18C, the test section with no
acoustic enhancement, the secretion simulant is never penetrated and is simply pushed into the
artificial lung used for testing.

[0096] FIG. 19A demonstrates the amount of secretion within the simulated airway
over time at both half and full power with a solenoid frequency of 400 bpm, a speaker frequency
of 490 Hz, and an air pressure of 50 cmH2O. Pixelated snapshots of the half power case can be
seen in FIG. 19B.

[0097] Now referring to FIGS. 20A-20C, a comparison in the amount of secretion that
may be removed from an airway between device 10 (FIG. 1) and a standard IPV without
acoustic enhancement is portrayed. A consistent speaker frequency of 490 Hz is used, along with
a consistent solenoid frequency of 300 bpm and a consistent air pressure of 40 cmH20.
Specifically, FIG. 20A demonstrates the amount of secretion left in a simulated airway over time

using a standard IPV with no acoustic enhancement and using half the initial secretion amount
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compared to the amount of secretion left in a simulated airway over time using device 10 (FIG.
1) with half power acoustics and using the full secretion amount. FIG. 20B provides the
pixelated snapshots of the half power case, while FIG. 20C provides the pixelated snapshots of
the zero power case. As demonstrated, the acoustic enhancement allows penetration of twice the
amount of secretion in nearly the same amount of time as the standard IPV and is also able to
remove the secretion in a shorter amount of time than the standard IPV.

[0098] Referring now to FIGS. 21A and 21B, the time to removal of a simulated
secretion from a simulated airway is portrayed without the use of acoustic enhancement. A
consistent solenoid frequency of 400 bpm is used, along with a consistent air pressure of 50
cmH20. Specifically referring to FIG. 21B, the non-dimensionalized dispersion of the simulated
blockage is plotted as time progresses for the relevant experiment. The non-dimensional value is
defined as the ratio of the number of pixels related to the simulated secretion at a given time to
the number of pixels related to the simulated secretion at the beginning of the experiment. For
example, a value of “1” represents the beginning of the experiment, where the simulated
secretion is undisturbed, while a value of “0” represents the end of the test, where the simulated
secretion has been removed. In the event of a purely volumetric movement, the value remains
below “17; in the event of a surface deposition of the simulated secretion within the simulated
airway, the value exceeds “1.”

[0099] Referring now to FIG. 21A, the algorithm used in generating the plots of 21B
also produces white pixels as the simulated secretion moves into a region of the simulated
airway which was previously clear. Otherwise, black pixels are produced when the simulated
secretion leaves a region of the simulated airway which was previously clear. Gray pixels
represent spatial regions of the simulated airway that has not undergone any change throughout
the experiment. As shown in FIG. 21A, the simulated airway blockage in the test setup without
the use of acoustic enhancements moves continuously downstream toward the lung and is not
penetrated and removed toward the mouth.

[00100] Referring now to FIGS. 22A to 22B, the same experiment described above is
reproduced, but additionally uses acoustic enhancement with a speaker frequency of 490 Hz. As
shown in FIG. 22A, there is an initial downstream motion of the blockage with considerable
surface deposition, relating in penetration of the blockage. The acoustic enhancement is then
able to break the blockage into much smaller pieces that can then be gradually pulsed upstream,
towards the mouth.

[00101] As detailed herein, an illustrative device for unblocking and removing secretions
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from airways provides therapy by applying oscillated air flow and acoustic vibrations according
to a preprogrammed protocol that defines frequency, waveform, pressure amplitude, and
oscillation duration through software control. The illustrative device includes an air flow system
applying oscillated air flow, an acoustic system applying acoustic vibrations, and a controller
operably coupled to the air flow system and the acoustic system, the controller configured to
match frequencies, amplitudes, duty cycle, and relative phases to a specific patient’s geometry
and specific secretions.

[00102] Although the invention has been described in detail with reference to certain
preferred embodiments, variations and modifications exist within the spirit and scope of the

invention as described and defined in the following claims.
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CLAIMS:
What is claimed is:
1. A device for unblocking and removing secretions from an airway, the device comprising:

an air flow system including an air supply, an electrically operable flow control valve in
fluid communication with the air supply, and a flow controller in electrical communication with
the flow control valve;

an acoustic system operably coupled to the air flow system, the acoustic system including
an acoustic pulse generator and an acoustic controller in electrical communication with the pulse
generator; and

an air flow pathway in fluid communication with the air flow system and in acoustic
communication with the acoustic system;

wherein the flow controller causes the flow control valve and the air supply to provide
oscillated air flow to the air flow pathway, and the acoustic controller causes the acoustic pulse

generator to provide acoustic vibrations to the oscillated air flow.

2. The device of claim 1, wherein the flow controller includes a processor and a memory,
the memory including software executed by the processor for defining air flow at a defined air

flow frequency and amplitude.

3. The device of claim 2, wherein the defined air flow frequency is between 195 beats per

minute and 405 beats per minute.

4. The device of claim 2, wherein the defined air flow amplitude is between 15 cmH20 and
55 cmH20.
5. The device of claim 1, wherein the acoustic controller includes a processor and a

memory including software executed by the processor for defining acoustic vibrations at a

defined acoustic vibration frequency and amplitude.

6. The device of claim 5, wherein the defined acoustic vibration frequency is between

295 Hertz and 500 Hertz.
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7. The device of claim 1, wherein an intrapulmonary percussive ventilator defines the flow
controller and the flow control valve.
8. The device of claim 1, wherein the pulse generator includes an acoustic speaker and a
speaker amplifier.
9. The device of claim 1, further comprising a patient interface in fluid communication
with the air flow pathway.
10. The device of claim 1, further comprising a graphical userinterface operably coupled to
the flow controller and the acoustic controller.
11. The device of claim 1, further comprising a rechargeable battery in electrical

communication with the air flow system and the acoustic system.

12. The device of claim 1, wherein a main controller defines the flow controller and the
acoustic controller, the main controller including a processor and a memory operably coupled to

the processor.

13. The device of claim 12, further comprising a pressure sensor operably coupled to the air
flow pathway and in communication with the main controller, the main controller configured to
control the air flow system, and the acoustic system in response to air pressure detected by the

pressure sensor.

14. A device for unblocking and removing secretions from an airway, the device comprising:
an air flow pathway;

an air flow system in communication with the air flow pathway, the air flow system
including an air supply, and an electrically operable flow control valve in fluid communication
with the air supply;

an acoustic system in communication with the air flow pathway, the acoustic system
including a pulse generator configured to generate vibrations; and

a controller is operably coupled to the air flow system and the acoustic system, the

controller configured to control at least one of frequency, waveform, pressure amplitude, and
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oscillation duration of air provided by the flow control valve, and the controller configured to
control at least one of frequency, amplitude, duty cycle, and relative phase of the vibrations

generated by the pulse generator.

15. The device of claim 14, wherein the controller is defined by a flow controller and an
acoustic controller, the flow controller in electrical communication with the flow control valve,

and the acoustic controller in electrical communication with the pulse generator.

16. The device of claim 14, wherein the controller includes a processor and a memory
operably coupled to the processor; and software stored within the memory is executed by the
processor for defining air flow at a defined air flow frequency and amplitude, and for defining

acoustic vibrations at a defined acoustic vibration frequency and amplitude.

17. The device of claim 16, wherein the defined air flow frequency is between 195 beats per

minute and 405 beats per minute.

18. The device of claim 16, wherein the defined air flow amplitude is between 15 cmH20

and 55 cmH20.

19. The device of claim 16, wherein the defined acoustic vibration frequency is between

295 Hertz and 500 Hertz.

20. The device of claim 16, wherein the defined air flow frequency is between 195 beats
per minute and 405 beats per minute; the defined air flow amplitude is between 15 cmH20
and 55 cmH2O0,; the defined acoustic vibration frequency is between 295 Hertz and 500
Hertz; and the defined acoustic vibration amplitude is between 47 decibels and 109

decibels.

21. The device of claim 20, wherein the defined air flow frequency is between 295 beats
per minute and 405 beats per minute; the defined air flow amplitude is between 35 cmH20
and 45 cmH2O0,; the defined acoustic vibration frequency is between 395 Hertz and 405
Hertz; and the defined acoustic vibration amplitude is between 99 decibels and 109

decibels.
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22. The device of claim 20, wherein the defined air flow frequency is between 295 beats
per minute and 305 beats per minute; the defined air flow amplitude is between 35 cmH20
and 45 cmH2O0,; the defined acoustic vibration frequency is between 295 Hertz and 305

Hertz; and the defined acoustic vibration amplitude is between 47 decibels and 57 decibels.

23. The device of claim 20, wherein the defined air flow frequency is between 295 beats
per minute and 305 beats per minute; the defined air flow amplitude is between 45 cmH20
and 55 cmH2O0,; the defined acoustic vibration frequency is between 295 Hertz and 405
Hertz; and the defined acoustic vibration amplitude is between 99 decibels and 109

decibels.

24, The device of claim 20, wherein the defined air flow frequency is between 395 beats
per minute and 405 beats per minute; the defined air flow amplitude is between 45 cmH20
and 55 cmH2O0,; the defined acoustic vibration frequency is between 295 Hertz and 405
Hertz; and the defined acoustic vibration amplitude is between 99 decibels and 109

decibels.

25. The device of claim 20, wherein the defined air flow frequency is between 395 beats
per minute and 405 beats per minute; the defined air flow amplitude is between 25 cmH20
and 55 cmH2O0,; the defined acoustic vibration frequency is between 485 Hertz and 495
Hertz; and the defined acoustic vibration amplitude is between 99 decibels and 109

decibels.

26. The device of claim 20, wherein the defined air flow frequency is between 295 beats
per minute and 305 beats per minute; the defined air flow amplitude is between 35 cmH20
and 45 cmH2O0,; the defined acoustic vibration frequency is between 485 Hertz and 495
Hertz; and the defined acoustic vibration amplitude is between 99 decibels and 109

decibels.

27. The device of claim 14, wherein an intrapulmonary percussive ventilator defines the flow

controller and the flow control valve.
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28. The device of claim 14, wherein the pulse generator includes an acoustic speaker and a
speaker amplifier.
29. The device of claim 14, further comprising a patient interface in fluid communication with
the air flow pathway.
30. The device of claim 14, further comprising a graphical user interface operably coupled to
the flow controller and the acoustic controller.
31. The device of claim 14, further comprising a pressure sensor operably coupled to the air

flow pathway and in communication with the controller, the controller configured to adjust at
least one of air flow frequency, air flow amplitude, acoustic vibration frequency and acoustic vibration

amplitude in response to air pressure detected by the pressure sensor.

32. A method of unblocking and removing secretions from airways, the method comprising
the steps of’
applying oscillated air flow to an air flow pathway including a secretion; and

applying acoustic vibrations to the air flow within the air flow pathway.

33. The method of claim 32, wherein the oscillated air flow is controlled by preprogrammed
executable instructions that define at least one of frequency, waveform, pressure amplitude, and

oscillation duration.

34. The method of claim 33, wherein the defined oscillated air flow frequency is between

195 beats per minute and 405 beats per minute.

35. The method of claim 33, wherein the defined air flow pressure amplitude is between 15

c¢cmH20 and 55 cmH20.

36. The method of claim 32, wherein the acoustic vibrations are controlled by preprogrammed
executable instructions that define at least one of frequency, amplitude, duty cycle, and relative

phases.
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37. The method of claim 36, wherein the defined acoustic vibration frequency is

between 295 Hertz and 500 Hertz.

38. The method of claim 32, wherein the step of applying oscillated air flow includes the steps
of providing an air flow system including an air supply, an electrically operable flow control
valve in fluid communication with the air supply, and a flow controller in electrical

communication with the flow control valve.

39. The method of claim 32, wherein the step of applying acoustic vibrations includes the
steps of providing an acoustic system operably coupled to the air flow system, the air flow system
including an acoustic pulse generator and an acoustic controller in electrical communication with

the pulse generator.

40. The method of claim 32, further comprising the steps of measuring air pressure within the
air flow pathway and adjusting the oscillated air flow and acoustic vibrations in response to the

measured air pressure.



PCT/US2019/013387

WO 2019/140333

1/23

L Old h)
\
%
J 13
Gy soppedy | OF e | gy
AN w
_ G
w,m o G- alsnoay| {40l IRl
/ ¥ i
m\,@m; Loysinbay el e
ainssal ] Weals qm ol N o7
aosidyno d “mg A
09 Y il ﬂ
£ ) v
- aijey, Loy = ] w e
i | m, m,a 3
& s \
1eldepy 8AleA Loiiseyieypads 07
- )

i

1[4




WO 2019/140333

40

PCT/US2019/013387
2/23
S
[
]
=
N &5
>._
) o
Ny 2
= o ~
el
o
—
<>
o
SN L N
it
= ~
I
> Li.
LC> \
o
L3
F~ud
P
j—
[ el
R
= oS
e
L33
N <>
b
.
@ \
i
1 ]
s Rde]
[ e
=2 2T
]




WO 2019/140333 PCT/US2019/013387

3/23
10
\ Vibro-acoustic wave pulses
, = 204
Devics et Pafient
5 Breathing sounds sensor
| BTN Commucations \
| Bldiectional data transfer 202
Y
206~ Ipac:/
Smartphan@ >
Wifl connection
@Grap ic user interfacs appiication
| \
¥ 207 !
. Wil connection 208
Patient Prgggg‘p'ign& Dhysaca" =) C[gudtBase -
< offec tewqﬂa ment g PN
\ ]
i
204 212 201 |

Pharmaceutical companies

FIG. 3



PCT/US2019/013387

WO 2019/140333

4/23

Jaonpsue
%mmg
LIRBSUMO

n

o

-«-wlf:){l..}---

. Yoeg
¥ Old ﬂ %%mm by
My
o RARNE
X\ - mwj “Mawony] [rog—501
— i uoiysinboy el e
aonpsie)| Aduy oals = PITERL 0109
alngsal L
Wweansdn ; |
_ Ioyea
85 !
" g BB, LoJISeY Aaw“ge - <] -
o0 S0l 7 ) nousiog | | oEnbay o
" sy Nq | anssal Addng 1715 0p)
o)depy anep Uolseyjiaeadg 06
s wm
991 “%M /

J—
-
~agmmn

o



00000000000000000000000000000

FIG. 5A




WO 2019/140333

6/23

2

PCT/US2019/013387

FIG. 5B



PCT/US2019/013387

WO 2019/140333

7/23

b

10gRbay
ShfE/, pouRI05 8iNssald

\ A

_ 80
Al féng 1y sd gy
) __wg{ fejay & ybnoiy| /3
pufg loveads uny} {euBig aneq piousjos :
\
18
oy e
sjeisUaoreLb ouFio gpare
- L ﬁﬁ_ m_wﬂ_w_o% 0 oty et aypads
aselid fousnbai4 aselid apnydusy fousnbal4
BABA plousiog Indui Jesp | | aneA piousjos Jndy) iesn 8yeedg Jndu; J8s Iayeads Jndu) a8 Joyead ndu; oSy

\

86l

\

2t

\ \
7

m 051



WO 2019/140333

......

PCT/US2019/013387
8/23

Percent Mayonnaise left in Test Section 30emH20 without Acoustics

O b
[

Parcent Mayonnaise left in Test Section 40cmH20 without Acoustics

%

FIG. 7B

Parcent Mayonnaise left in Test Section SlemH20 without Acoustics

e,

T e i © 0 5

FIG. 7C

<3



WO 2019/140333 PCT/US2019/013387
9/23

Percent Mayonnaise left in Test Section 30cmH20 with Acoustics

yon

0 5 10 15 il 2
Time (min.)

" Parcent Mayonnaise left in Test Section 40cmH20 with Acoustics
50 '
sir 7
=2k T
=5r -
=40 ]
201 ]
=20 ]

10 \w . "

0 ; I E D5

Time (min.)

FIG. 8B

Percent Mayonnaise left in Test Section S0emH20 with Acoustics

———

ercent of Mayonnaise
: 525353 :Efgfé; i£%§§5§ DO g%%%%é

CIRETI = O

M
L)
] ] $ [l 3

—
Lo
<M



WO 2019/140333 PCT/US2019/013387
10/23

Ios

FIG. 9B

Time
FIG. 9A

R R

Jr— —

04k
0
{

(1UNOWR I 10 LOREL) JUEINLAS LUOTAIES



WO 2019/140333

11/23

| ]
o O
o
[0 o “
g
(V.23
=
b
()
w3
inin § L2
2 <=
i ininid
oy
=
O
.. 1 52
= ~
=
[
[ omume )
L g
b M)
<O
L LD e BED we BT -
oy == - &= & o
- -~ - ~ - PR
g gmnn o <>

e 5 <
2 e 2 [
~ <>

(JUnOUEE JBIIUI 10 UORDBH) JUBNIG LONAIoe

PCT/US2019/013387



PCT/US2019/013387

WO 2019/140333

12/23

Lol

368 8l |
13 Al 0et G0 010 500 (00
fuo gging ==~ "
820151008 UM O3 omeme
/ i
o0 aqny Buioje Juawanow ueaL fnyd

G
-

G

@ -
. 2
1]
l

(7

¢

Gt



PCT/US2019/013387
13/23

WO 2019/140333

AR

098 Bl |
050 Al A G0 01 607 007

=

Tuo asng— o &
SO8M00E Y 38N

3
A

T

on
&

¥
[}
LY

7

% L
2 . PASRRTS 4 ™,
4 [ L Y 4 ., [ R T s
" n« # e, 7 ~, u. mann, T ———

o g . £ > R0 s o
P % - o, e “ng A - “on { .ﬁ.“
7 % B 7 Y P H

&
-~ N R R s Al N 4

rd
2

0000004
fysoosia oleuAp ueaw B



WO 2019/140333 PCT/US2019/013387

14/23
<>
i
f )
<
[t}
L g L)
' : / o~
\'b 2
-~ §
% Pt
o e 2
P
LD
[N
fown)
o«
rv";
=
A
¥
<
.,
«
9
&
y"
. xua‘r NO—
1 <
2R
P 7
= e R —
< ks a..;
ad 5 -
D f >
o az w
S = e
E......
= Li..
=
o2
o=
-
=
o2
&2
et
[72]
=3
&
= 7
)
== e P
—— v} oo e ao m
TEE e
= O
o> ao
e R E)
oo R
i
¥
i
| -
i P
. <
D > =3 g <> (= <> h [N <>
-~ —— e oty —

S M|



PCT/US2019/013387

Udg ousnbely plousiog

15/23

WO 2019/140333

drvl 9l

] H fiousnbes Jaypadg

<5

O7H2 0 = 8INSsatd plousiog

vl 9l

1dg Housnbal4 piouajog

)G mI fouanbet{ Joypeds

0oz

O7HWA (7 = 8NSsald plousiog



PCT/US2019/013387

16/23

WO 2019/140333

arl 9l vl 9l

g ousnba4 @_mﬁm_wmmm ‘Tousnbel 1eweadg Lidg 'fousnbal4 plousiog 21 fouanbas oypadg

7 %N 00C o¢ 0 005 g | 0z~ 00 oog - _O% "
R E T Sy Aty ..H.wHu.Mmme @ — no W
& i
Q@@ S |©2\ w |®O_‘ w
W2 0 &
02 i

OZHW3 (6 = 8Ingsald piousjog (0 &

O7HWa 0y = 8inssald plous|og



WO 2019/140333 PCT/US2019/013387
17/23

o 300 bom, 30 Hz £ 300 bpm, 400 Hz
# 400 bom, 300 Hz @ 400 bpm, 400 Hz
A J0bpm, O Hz < 400 tpm, 0 Hz

FIG. 15A

43 cmH20, Full Length Tube, T2P
varialion with Speaker Power

6@,60{_13A
= 5000
£ 40
af 3000 ¢
g 2000 - x
10.00 o °
0.00 2 )
0 i) 40 o0 80 100
Speaker Power Fraction (% of 130 dE)
FIG. 15B
50 omH20, Full Length Tubs, T2P
variation with Speaker Power
3500 pA
= B0
5 5
£ 200
*f—;j 1500 #*
2 100 . &
500 o
00 i
0 20 40 60 80 100
Speaker Power Fraction (% of 130 dB)

FIG. 15C



PCT/US2019/013387

WO 2019/140333

18/23

adsi ol 291 9l4

(6D 00} 10 %) Uohoeid oMo  Jayesds (6D 0] 10 %) Uoloei amo | Jayesds
1 I | A 0 U1 A (| A
v 05 L v
7H (0 e 0 v v y S RO v v o
ZH (07 Weg {0y o o g 0 m ZH (00¢ Wdg poy o
i
0% =
09 6
yibuaean; {jous eanj

DUB 310 16YeadS LM LOJELEA 471 O7HWD O PUB 1804 J2¥BRS Uyt UoleLen 47 | ‘O7Hu Of

a9l ‘ol Y9l Ol
(6D (] 10 9 Uohoe1d jamod Jayeadg (A 06| 0 9) Uoloe! 1BMo ] Jeyeads
o % 8w w0 1R RS (N
n<u v : = ; Y © © o)
7H 0 0 05 v o o |y S HIEUGEY v
ZH 00y Wl g0 o r s ZH 00 Wt gt o v
& v
06 =
09
us 80 yibus agn]

DUB JoMO ] Ioyeads L ope

eliBA 471 'OZHUR Oy DUB 1aM0 16¥EadS Ui LONEIRA 471 OZHLO O




PCT/US2019/013387

WO 2019/140333

19/23

E.m\ Ol

(AP 08 109 U0l 18M0  Jayesds
o % 0 0 w0
o) 0 =
7H 007 Wdg g0y v v 9 v i g
7H 00y Wdq 0oy o o (g
o el
0 =
o
huay egn
DUB 16MO ] J9YERCS YlIM UOTBLEA d7] ‘7 HU0 06
mt BRI
(60 061 10 %) uoijoe1d Jamo  Jexeads
o 80w w0
O { =¥
ZH 00y 0 00¢ v v O
ZH o0y da g0g o v 02
=
00 ==
A
pfbue agn]
DUE 190 18YBaUG LM LoNeLeA 47 '07HWI NG

5 0 5
75 (06 g 00y v i =
7H 00¢ Wi 00y o v ¥ 0
&
ybuaean;
DUE 1380 ] JBYBS0S LM UOIBLBA 47 ‘O7HWD (¢
,qt ,mmum
(8P 06} 0%
o " g Q JN 0
, ) 2
74 00¢ "G 00¢ v 3 wv =
ZH 006 "Wdg 00¢ o &
H 06 "udg 0g¢ o |ug
R (=4
i
Lj0us agn]

DUE 18M0 | J8Y29dS L) LONBLIEA 47 | ‘07HWO 0



WO 2019/140333 PCT/US2019/013387
20/23

30 cmi20, 400 bom, 490 Hz

\
i
[

— Full Power
- =~ Half Power
—- Jero Fower

FIG. 18B

FIG. 18C



WO 2019/140333 PCT/US2019/013387

jon {non-dimensional)

14
12

o s S < SRR e’
< RS e O oo

21/23

50 cmH20, 400 bom, 490 Hz

Vu ‘f"M'\"‘ "'"'{“\’"\\l':

(
¥ l\m'\\h"ﬂ

— Full Power
- - Half Power

10 5 A 2%

1
Time (minutes)

i

FIG. 19A

2
[ |

FIG. 19B



WO 2019/140333 PCT/US2019/013387
22/23

40 ¢mr20, 300 bom, 490 Hz

A
A <

-dimensional)
~0
[ |

!

tion (non

——- Half Secretion Amount,
No Acoustics

Full Secretion Amount
Half Powar Acoustics

Amount of Secre
[enmns 3
¥

b5 10 15 N B
Time (minutes)

FIG. 20A

FIG. 208

FIG. 20C



000000000000

0.25

02
" 500
Fixels (no units)

N

100

FIG. 21A

Pixels (no units)

FIG. 22A

/////////////////

7 0.
1 056
105
{5 B
{os 5
i_%
1035
103
1 0.5
L L 07
2 1 0
Dispersion (nondimensiondl)
12
120
5 =2
1 E
{10
R
S U
Dispersion {nondimensiond)

FIG. 22B



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 19/13387

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61M 16/00; A61M 16/20 (2019.01)
CcPC

- A61M 16/0006; A61M 16/022; A61M 16/202

According to Intemational Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the interational search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X US 2016/0121062 A1 (UNIVERSITY OF FLORIDA RESEARCH FOUNDATION, INC.) 05 May | 32

- 2016 (05.05.2016), Fig 1-3, 4A, 4B, abstract, para [0008], [0037]-[0039], [0043]-[0045), [0067] oo
Y 1-31, 3340
Y US 2012/0199127 A1 (GARDE et al.) 09 August 2012 (09.08.2012), Fig 1, abstract, para [0016], | 1-31, 38-40

[0021], {0024], [0026], [0033]

Y US 7,617,821 B2 (HUGHES) 17 November 2009 (17.11.2009), Fig 7, abstract, col 5, in 37-54 33-37

Y US 8,347,883 B2 (BIRD) 08 January 2013 (08.01.2013) ,abstract,col 2, In 61-col 3, In 4 7,27

Y US 8,776,790 B2 (GENTNER et al.) 15 July 2014 (15.07.2014), Fig 8, abstract, col 9, In 45-53 11

E] Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

16 March 2019

Date of mailing of the international search report

12 APR 2019

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: §71-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - wo-search-report

