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(57) Abstract: A system for needle-free drawing of blood is disclosed, A device can include an evacuated negative-pressure barrel
with a membrane sealing an aperture at a distal end, and a housing affixed to a proximal end. An accelerator barrel can be positioned
within the negative-pressure barrel and fixed to the housing, with an open proximal end in a chamber in the housing, and an open
distal end aligned with the aperture. The chamber can be filled with pressurized gas, and a trigger valve can hydrostatically separate
the chamber from the open proximal end of the accelerator barrel. A micro-particle positioned within the accelerator barrel can be
accelerated to high speed by an abrupt surge of gas by releasing the trigger valve. The micro-particle can attain enough momentum
to pierce the aperture membrane and penetrate adjacent dermal tissue. A resulting micro-emergence of blood can be drawn into the
negative pressure barrel.
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NEEDLE-FREE BLOOD DRAW

BACKGROUND

(6881} Unless otherwise indicated herein, the matenials desenibed in this section are
not prior art to the clatms in this application and are not admitted to be prior art by inclusion
in this section.

(8002 A nomber of scientific methods have been developed in the medical field to
evaluate physiological conditions of a person by detecting and/or measuring one or more
analytes in a person’s blood or other bodily fluids or tissues. The one or more analytes could
be any analytes that, when present in or absent from the blood, or present at a particular
concentration or range of concenirations, may be indicative of a medical condition or health
state of the person. The one or more analytes could include enzymes, reagents, hormones,
proteins, cells or other molecules, such as carbohydrates, e.g., glucose.

{8083} In a typical scenario, a person’s blood is drawn and either sent to a lab or input
mto a handheld testing device, such as a gluicose meter, where one or mwore tests are
performed to measure various analyte levels and parameters o the blood. The frequency and
regularity of such blood tests can depend on the type of test and the nature of the condition or
conditions being monitored.  For example, testing for blood glucose concentration for a

person with diabetes may be performed relatively frequently.
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SUMMARY

16664} In one aspect, a device inchludes: an evacuated negative-pressure barrel with
an aperture membranc scaling an aperture at a distal end of the evacueated negative-pressure
barrel, and a bousing affixed {0, and scaling, a proximal end of the ovacuated negative-
pressure barrel; an accelerator barrel positioned lengthwise within the evacuated negative-
pressure barrel with an open proximal end fixed to the bousing and opening iuto a chamber
within the housing, and baving an open distal end proximate to, and aligned with, the
aperture; a high-pressure gas source configured for filling the chamber with pressurized gas;
& trigger valve sttuated between, and forming a hydrostatic boundary between, the chamber
and the open proximal end of the accelerator barrel; a micro-particle positioned within the
accelerator barrel at a launch point proximate to the trigger valve; and a trigger-valve release
actoator configured for abruptly opening of the trigger valve to abruptly release the
pressurized gas from the chamber and into the open proximal end of the accelerator barrel,
wherein, the abruptly released pressurized gas is configured to accelerate the micro-particle
from the launch point to the open distal end of the accelerator barrel and through the aperture
with sufficient momentum to picrce through the aperture membrane and penetrate a sufficient
depth of dermal tissue proximate to the distal end of the evacuated negative-pressure barrel to
induce a micro-emergence of blood at the dermal tissue surface, and wherein, residual
negative pressure within the evacuated negative-pressure barrel is configured to draw at least
a portion of blood from the micro-emergence into the evacuated negative-pressure basrel
through the pierced aperture membrane.

[6665] In another aspect, & device mcludes: an outer barrel with an aperture at a
distal end, and a housing affixed 1o a proximal cund; a hydrophilic absorptive wick in the outer
barrel, unobstructively surrounding at least a portion of the aperture; an immner barrel

positioned fengthwise within the outer barrel with an open proximal end fixed to the housing
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and opening into a chamber within the housing, and baving an open distal end proximate to,
and aligned with, the aperture; a high-pressure gas source configured for filling the chamber
with pressurized gas; a trigger valve situated between, and forming a hydrosiatic boundary
between, the chamber and the open proximal end of the immer barrel; a micro-particle
positioned within the inmer barrel at a laumch point proximate 1o the trigger valve; and a
trigger-valve release actuator configured for abruptly opening of the trigger valve to abruptly
relcase the pressurized gas from the chamber and into the open proximal end of the foner
barrel, wheremn, the abruptly released pressurized gas is configured to accelerate the micro-
particle from the launch point to the open distal end of the inver barrel and through the
aperture with sufficient momentum to penetrate a sufficient depth of dermal tissue proximate
to the distal end of the cuter barrel to induce a micro-emergence of blood at the dermal tissue
surface, and wherein, the hydrophilic absorptive wick is configared to draw at least a portion
of bicod from the micro-craergence info outer barvel through the aperture by capillary action.

LIEH In stili another aspect, a device inclades: & negative-pressure barrel having an
aperture opening at a distal end and a housing affixed to a proximal end; an aceclerator barre

positioned lengthwise within the negative-pressure barrel with an open proximal end fixed to
the housing and opening into a chamber within the bousing, and having an open distal end
proximate to, and aligned with, the apertare; a high-pressure gas sovree configured for filling
the chamber with pressurized gas; a wigger valve situated between the chamber and the open
proximal end of the accelerator barrel, the trigger valve having a closed operational state in
which the trigger valve is closed so as to form a hydrostatic boandary between the chamber
and the open proximal end of the accelerator barrel, and an open operational state in which
the trigger valve is opened so as to remove the hydrostatic boundary; an arming actuator

configured for setting the device in an armed operational state in which (i) the trigger valve is
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particle is positioned within the accelerator barrel at a laumch point proximate to the trigger
valve, (iv) a negative-pressure vacuum is created within the negative-pressure barre! and
within the accelerator barrel between the open distal end and the closed trigger valve, and (v}
an aperture membrane is configared to scal the apertore and maintain the negative-pressure
vacuuny, and 8 trigger-valve release actuator configured for causing the trigger valve to
abruptly transition from the closed operational state to the open operational state, thereby
abruptly releasing the pressurized gas from the chamber into the open proximal end of the
accelerator barrel, wherein, the abruptly released pressurized gas is configured to accelerate
the micro-particle from the launch point to the open distal end of the accelerator barrel and
through the aperture with sufficient momentum to picree through the aperture membrance and
penetrate a sufficient depth of dermal tissue proximate to the distal end of the negative-
pressure barrel to induce a micro-emergence of blood at the dermal tissue surface, and
wherein, the negative-pressure vacuum within the negative-pressure barrel is configured to
draw at least a portion of blood from the micro-emergence into the negative-pressure barrel
through the pierced aperture membrane.

130671 In yet another aspect, & method involves: evacuating a negative-pressure
barrel of a device, the evacoated negative-pressure barrel having an aperture membrane
scaling an aperture at a distal end of the negative-pressure barrel, and a housing affixed to,
and sealing, a proximal end of the negative-pressure barrel, wherein the negative-pressure
barrel contains an accelerator barrel positioned lengthwise within the negative-pressure barrel
with an open proximal end fixed to the hoosing and opening mto a chamber within the
housing, and having an open distal end proximate to, and aligned with, the aperture; arming 8
trigger valve situated between the chamber and the open proximal end of the accelerator
barrel, the armed trigger valve forming a hydrostatic boundary between chamber and the

open proximal end of the accelerator barrel; configuring a micro-particle within the
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accelerator barrel at a launch point proximate to the trigger valve; by abruptly releasing the
armed trigger valve, abruptly releasing pressurized gas from the chamber and mto the open
proximal end of the accelerator, wherein, the abruptly released pressurized gas is configured
to accelerate the micro-particle from the launch point to the open distal end of the accelerator
barrel and through the aperture with sufficient momentum to picree throngh the aperture
membrane and penctrate a sufficient depth of dermal tissue proximate to the distal end of the
negative-pressure barrel to induce & micro-emergence of blood at the dermal tissue surface;
and drawing at least a portion of blood from the micro-emergence into the evacuated
negative-pressure barrel through the pierced aperture.

18088} In yet one further aspect, a method involves: configuring a micro-particic at a
launch point at a proximal end of an accelerator barrel of a hand-portable hyperspeed micro-
particle aceelerator device, wherein the accelerator barrel is positioned lengthwise within an
outer barrel of the hand-portable hyperspeed micro-particie accelerator device and has an
open distal end proximate to, and aligned with, an aperture at a distal end of the outer barrel;
arming the hand-portable hyperspeed micro-particle accelerator device for hyperspeed
acceleration of the micro-particle; and triggeving the armed hand-portable hyperspeed micro-
particic accelerator device to cause the micro-particle to accelerate from the launch point to
the open distal end of the accelerator barrel and through the apertore with sufficient
momentum to pierce dermal tissue proximate to the distal end of the outer barrel with no
larger than a dermal-pore-sized surface puncture.

(8B4} These as well as other aspects, advantages, and alternatives, will become
apparent to those of ordinary skill in the art by reading the following detatled description,

with reference where appropriate to the accompanying drawings.
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BRIEF BESCRIPTION OF THE DRAWINGS

6614 Figure 1A is an example device for needle-free blood draw displayed in an
exarmple use context, in accordance (o an exanple embodiment.

6811} Figure 1B is an example device for needle-free blood draw displayed in an
example use context, in accordance to an alternative example embodiment.

[6e12] Figure 2 is a block diagram of a device for needle-free blood draw, according
to an example embodiment.

16613} Figure 3 is an example schematic representation device for needle-free blood
draw, according to an cxample embodiment.

814} Figure 4 is an exampic schomatic representation device for needle-free blood
draw, according to an alternative example embodiment.

[B815] Figure 5 is a flowchart of an example method of needie-free blood draw using

a device for needle-free blood draw, according to an exaniple embodiment.
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DETAILED DESCRIPTION

6616} In the following detailed description, reference is made to the accompanying
figures, which form a part hereof. Tn the figures, similar symbols typically ideotify similar
components, unless context dictates otherwise. The illustrative embodiments described in the
detailed deseription, figures, and claims are not meant to be limiting.  Other embodiments
may be utilized, and other changes may be made, without departing from the scope of the
subject matter presented herein. It will be readily understood that the aspects of the present
disclosure, as generally described herein, and illustrated in the figures, can be arranged,
substituted, combined, separated, and designed in 2 wide variety of different configurations,
all of which arc explicitly contemplated herein.

(68177 Further, while embodiments disclosed herein make reference to use on or in
conjunction with a hving human body, it is contemplated that the disclosed methods, systems
and devices may be used in any environment where needle-free drawing of blood, and/or
needle-free, sub-dermal delivery of diagnostic and/or therapeutic substance, is desired. The
environment may be any living or non-living body or a portion thereof, a fluid conduit, a
fluid reserveir, ete.

1. Overview

{018} Some types of medical testing involve analysis of very small blood samples
from a person {e.g., a medical patient). For example, monitoring of a blood-sugar level may
be able io be achieved with just a tiny dropict of blood {e.g., & fraction of a milliliter).
Common techniques of medical blood extraction typically entail piercing the dermal tissue
(skin} with a small needle or lancet (8 “piercing element™), and collecting blood from the
puncture point. o the case of a hollow needle, collection may be made below the skin, ina
vein or capillary for example. For a lancet or non-hollow needle, collection may be made at

the skin surface as the blood emerges.
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(6619 Generally, the smaller the poncture, the smaller the degree of discomfort that
may accompany a blood draw. Consequently, very small diameter needles or lancets may be
considered advantagecus for purposes at least of comfort of the patient.  In practice, small
piercing clements can be integrated in small, hand-portable implements that can be used by a
healtheare practitioner, or even the patient, to collect a small sample of the patient’s blood
and provide it to a iab for testing,

{6828 While decreasing the size (e.g., diameter) of a piercing clement can help
decrease discomfort, it can also reduce the tensile strength of the piercing element so that it
can no longer pierce dermal tissue, but bends or breaks when applied nstead. 1o particular,
the size limit at which the tensile strength of a2 piercing clement is no longer sufficient to
reliably pierce dermal tissoc may still be larger than that at which the discomfort associated
with piercing dermal tissue vanishes or becomes imperceptible.  Accordingly, example
embodiments disclosed herein provide an exarmople device and technique for medical
extraction of blood that can imperceptibly pierce dermal tissue without a piercing clement.
6621} In one example, a small, device can include a pneumatic particle accelerator
for oparting a micro-particle with 2 sufficient momentum to cause it 1o picrce dermal tissue
deep enough to induce a micro-emergence of blood ai the surface of the dormal tissue, In
accordance with example embodiments, the micro-particle can be small enough, and can be
accelerated fast enough and to 2 high enough kinetic energy, to imperceptibly pierce the
dermal tissue. The device can include a vacuum barrel that, when positioned at or above the
dermal tissue surface at the entry point of the micro-particle, can draw at least a portion of
blood from the micro-emergence. Also in accordance with exarmple embodiments, the micro-
emergence of blood can be of sufficient volume for a varicty of medical blood analysis tests.
In one example, the device couid be hand-beld, and comparable in size and form factor to a

pencil or conventional hypodermic needle-carrying barrel.  In snother example, the device
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could be wearable, for imstance attached to a wristband, and comparable in size and form
factor to a small electronic device, sach as USBE flash memory drive. Other sizes and form
factors are possiblc as well.

(6822} In accordance with example ombodiments, an example small, device can
mehade an outer barrel having an aperture at a distal end and a housing at a proximal end.
The device can also jnclude an inner barrel positioned lengthwise within the outer bamrel,
with an open proximal end attached to the housing and with an open distal end proximate to,
and aligned with, the aperture. The outer and inmer barrels can be co-aligned along a straight
or curved lengthwise direction. The housing can inchude a chamber where the open proximal
end of inner barrel attaches to the housing, and into which the open proximal end of the inner
barrel opens. The chamber can also inchude or contain a pressurized gas source is located.
The chamber and the open proximal end of the inner barrel can be separated by a trigger
valve, which in a closed operational state forms a hydrostatic boundary between the chamber
and the open proximal end of the inner barrel

18623) In further accordance with example embodiments, the trigger valve can
nclude a rigger-valve release actuator, capable of abruptly opening the closed trigger valve
instandancousiy (i.e., nearfy instantancously). When the irigger valve 15 I an open
operational state, the chamber and the open proximal end of the inner barrel are hydro-
dynamically commected to one another, such that gas can flow from one to the other according
to any pressure differential between them.

18624} In fimther accordance with example embodiments, a micro-particle can be
positioned at a launch point within the inner barrel at the proximal end of the inner barrel,
near the trigger valve. The outer barrel can be evacuated to negative internal pressure (with
respect to air pressure outside the outer barrel), and scaied with a membrane covering the

aperture at the distal end and with the closed trigger valve between the chamber and the open
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proximal end of the immer bamel In this “armed operational state,” a constant negative
pressure can be maintained throughout the outer barrel and the funer barrel, up to the closed
trigger valve. That is, the negative pressure corresponds to a vacuum pervading the outer
barrel and the inner barrel, up to the closed trigger valve.

[B025] In an example embodiment, the pressurized gas source in the chamber can be
configured to generate high pressure gas, for example by a chomical reaction or an electro-
chemical reaction. Such a reaction can be made to occur extremely rapidly, so as to be nearly
mstantancous.  Alternatively, the pressurized gas source can be a small container {e.g., a
cartridge) of pre-pressurized gas configured to fit within the chamber. The pressurized gas
source can be considered to be in a “ready state” when it is capable of instantly (071 neasly
mstantly) veleasing its pressurized gas throogh the closed trigger valve and inio the open
proximal end of the immer barrel. For example, in the ready state, the chamber can be divectly
filled with the pressurized gas, cither from a reaction or a pro-pressurized cartridge, and
thereafter maintained at pressure and ready for release by the closed trigger valve.
Alternatively, a distinct cartridge of pre-pressurized gas can be located within the chamber,
with an outlet connected to the closed trigger valve, Other arrangements for providing a
ready state of the pressurized gas source are possible ag well,

8826} In further accordance with example embodiments, the armed operational state
of the device can also include the pressurized gas source being in its ready state. Thus, in the
armed operational state, a vacuom pervades the outer barrel and the inner barrel up to the
closed trigger valve, a nucrg-particle is situated in the inner barrel at the launch point, and the
pressurize gas source 18 ready to deliver a surge of high pressure gas through the closed
trigger valve and directed through the inner barrel toward the aperture, with the micro-
particic o the direct path of the bigh-pressure surge. For descriptive purposes, the proximal

end of the device (e.g., proximal end of the housing} can be referred to as the “opstream” end
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or direction, and the distal end of the device (c.g., distal end of the ouler barrel) can be
referred o as the “downstream™ end or divection. This terminology signifies the direction of
the flow of gas and of the micro-particlc motion, from upstream to downstream, when
pressure is released by abrupt opening of the close trigger valve.

{8827} The device can be used to collect a sample of blood in accordance with
example emboduments as follows, With the device in the armed operational state, the
aperture at the distal end of the outer barrel can be positioned at the surface of the dermal
tissue. More particularly, the device can be oriented such that the upstream-to-downsiream
direction is approximately perpendicular to the surface of the derraal tissue, with the aperture
resting against or just above the surface. While being held in this position and orientation,
the trigger-valve release actuator can be actusted, resulting in an instantaneous {or nearly
mstantancous ) release of pressurized gas from the chamber into the open proximal end of the
inmer barrel. This abrupt release of high pressure gas into the mer barrel can thus manifest
as a sudden surge of pressure entering the open proximal ond of the inner barrel, and rapidly
moving n the downstream direction. When this surge hits the micro-particle at the launch
point, it imparts a very large impulse that can accelerate the micro-particle rapidly
downstream in the inner barref and out the opening at the distal end of the inner barrel, where
the micro-particle then speeds toward and through the apertire. Even subscguent to the
mitial 1mpulse, the high-velocity flow of gas downstream can comtinue 1o accelerate the
micro-particle as it moves downstream through the inmer barrel. It can be shown that the
hydrodynamics of this process can accelerate the micro-particle to supersonic speed,
especially if the inner barrel incorporates a shape — such as a nozzle — that conditions the
flow, as described below. In particular, sutficicnt morentum can be imparted to the micro-
particle by the time it cmerges from the open distal end of the inner barrel so that it breaks

through the membranc {after traveling through the aperture), pierces the adjacent dermal
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tissue, and travels to depth several times larger than its own size before coming to a stop. The
high speed acquired by the micro-particle in this process is reforred to herein as
“hyperspeed,” and can approach or excoed supersonic levels.

[8H28] In accordance with example embodiments, the micro-particle can be made
small cnough so that the resulting cross-sectional size of the puncture to the dermal tissue
{e.g., approximate cross-sectional size of the micro-particie) is below a size that would be
gencrally perceptible. At the same time, the rapidity with which the piercing takes place
further reduces any physical sensation the might be accompanied with the piercing action.
However, the micro-particle can nevertheless penetrate to a depth that results in 2 momentary
“micro-cmergence” of blood at the site of the piercing. In further accordance with cxample
embodiments, the process of the micro-particle breaking through the membrane, piercing the
dermal tissue, and mducmyg the micro-emergence can happen sufficiently rapidly that a
substantial residual nogative pressure remains in the outer barrel when the micre-cmergence
occurs. This negative pressure, in turn, can then tend to draw up at least a portion of the
blood n the micro-emergence, thereby collecting blood from an imperceptible piercing of the
dermal tissue — a piercing that is accorplished without using a piercing element, such as a
needle or lancet. By way of example, a micro-emergence of blood could yield as little as
.01 miililiters, roughly comparable to a single mosquito bite. This is small enough to be
mperceptible, but large enough 1o camry out a wide variety of medical tests and/or
monitoring.

(6629} In accordance with example embodiments, the micrg-particle can have a
spherical, cllipsoidal, or cylindrical shape (e.g., dart-shaped), and a characteristic size {(e.g.,
diameter) 1o range of 10 pm (microns) — 250 pm. The micre-particle can be metallic (e.g.,
iron or gold) or biodegradable {e.g., salt, sugar, or polviactic-co-glycolic acid (PLGA)). The

micro-particle can also be composed of multiple, smaller particles, or an agglomerate of
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smaller particles. For example, the micro-particle could be made of nano-sized gold particles
bound together with biodegradable glue. In general, the higher the density of the micro-
particle, the deeper the penectration of the dermal tissue. Other forms and compositions of
micro-particles are possible as well. For example, the micro-particle could be composed of a
Hquid, such as water, and take the form of a small droplet.

[6038] Also i accordance with cxample cmbodiments, the wicro-particie can
penctrate the dermal tissue to 3 depth in a range of .25 mom — 2 mm At shallower depths,
blood draw may tend to be superficial, while deep depths may result intravenous blood
draws.

166311 In further accordance with oxample embodiments, the micro-particle can
mclade medication, such that penetration of the dermal tissue serves to deliver the medication
mto the dermal tissue. At shallower depths, delivery can be subcutancous; at deeper
penctration, delivery can be infravenous.

(6632} In accordance with example embodiments, the membrane used to scal the
aperture can be a thin foil. Alternatively, an open aperture can be placed divectly against the
dermal tissue before evacuating the outer barrel. In this configuration the dermal tissue itself
can scrve as the membrang.

{6833} In one example, the device can be configured as a single-use device. In
another example, the device can be configured as a multiple-use device. By way of example,
a single-use device could come pre-configured with a membrane seal on the aperture, and in
the armed operational state. Alternatively, a single-use device could come pre-configured
with the membrane seal, but requiring an arming action o evacuate the interior volume and
arm the trigger valve. Other configurations of single-use devices are possible as well.

18634} Also by way of example, a multiple-use device could rely on positioning the

aperture against the dermal tissue to form the scal at the aperture, and further require a
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subsequent arming action to evacuate the mterior vohume and arm the trigger valve to prepare
the device for each use. A multiple-use device could also include a pressurized gas source
capable of providing multiplc allocations of pressurized gas, for example using 8 metering
valve, soch that cach use of the device gets a new allocation for a new ready state. In
addition, 8 multiple-use device could inchude multiple micro-particles that can be loaded into
the iner barrel, for example by the arming action, also for preparing the device for cach use.
Further, a mudtiple-use device could include a removable/replaceable collection reservoir for
accommodating cach collection of 4 drawn blood sample.

16635} Other configorations of vwmltiple-use devices are possible as well.  For
example, 2 multiple-use device could include a reusable housing with a pressurized gas
souree and a trigger-release actuator, and multiple, single-use components cach tncluding the
outer and nmer barrels with 2 micro-particle pre-positioned at the launch point. A new (e,
replacement) single-use compounent could be jostalled in the reusabic housing prior to use.
Once installed, the device could be used for a needle-free blood draw as described, and the
single use component, containing the drawn blood, could be removed for delivery to a lab or
a local analysis apparatus.

16036] The inner barrel can be described as a hollow cylinder, the interior of which
forms a cylindrical channel through which the micro-particle travels, and through which the
pressure surge flows from apstream to downstream as it aceelerates the micro-particle. In
one example, the cylindrical channel interior of the iuner barrel can bave circular cross-
section of constant radius along the entire length of the funer barrel, from s proximal end to
its distal end.

18637} In another example, the cylindrical charmel nterior of the wwmer barrel can
have circular cross-section of constant radius along most the length of the ioner barrel, except

for a short segment between the open proximal end of the inner barrel and the launch poit,
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over which the cross-sectional shape of the cylindrical channel is altered 50 as to form a
nozzle. For example, within the short nozzle segment, the inner cylindrical channel can have
a portion formed to be varrower than the rest of the length of the inuner barrell The
hyvdrodynamic property of such a nozzie is such that the pressure surge entering the nozzle
from the upstream side emerges from the downstream side as a supersonic tlow. Then by
inttially positioning the micro-particle at the launch point on the downstream side of the
nozzle, the micro-particic can receive its initial impulse, and be further accelerated by, a
supersonic flow of gas.

16638} In accordance with example embodiments, the cross-sectional diameter of the
micro-particle can be configured to be only slightly smaller than the inner diameter or the
mmner barrel — 1.e., the diameter of the major length of the inner cylindrical chamel {exchuding
the narrowed diameter of the nozzle segment, if any). Thus, the micro-particle can be a close
fit, or a “flush”™ fit, in cross-sectional size to the diameter of the cylindrical channel, but still
have sufficient clearance to travel frecly from upstream to downstream under the power of
the pressure surge. This configuration can help ensure that a majority of the pressure surge
stays behind the micro-particle as it 18 accelerated, and minimizes portions of the pressure
surge that might toend to feak past the micro-particle by way of the small clearance between
the micro-particle and the circalar wall of cylindrical channel. In addition, the vacoum that
pervades the interior of the device in the armed operational state, and while the micro-particle
is accelerating but has pot yet exited the aperture, belps minimize any drag or backpressure
on the micro-particie by minimizing the mass of gas that can be swept up in front of the
micro-particle as in moves downstream,

18639} It should be understood that the above embodiments, and other embodiments
described herein, are provided for explanatory purposes, and are not intended to be fimiting,

3048} Further, the term “medical condition” as used herein should be understood
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broadly to include any disease, illness, disorder, impury, condition or impairment - e.g.,
physiclogic, psychological, cardiac, vascular, orthopedic, visual, speech, or hearing — or any
situation requiring medical attention and/or monitoring.

2. Example Device

[B041] Figure 1A shows one form of an example device 100 in an example use
context for needle-free blood draw from a hand 102, which is presumed for purposes of
itlustration to represent a person {e.g., a medical patient). The device 100 as shown could be
hand-held, such that it is held i place and operated by an operator’s hand (not shown n
Figure 1A). In the exanple use context illustrated in Figure 1A, the device is positioned
against the index finger of the hand 102, Such an application might be used to draw a small
amount of blood, for example, for a glucose test.

3042} The illustration of Figure 1A is intended to show an example representative
size and form factor for the device described herein by way of example, although not
necessarily to show specific details of the device. As such, the device 100 can be taken as an
exanple in terms of size velative to a person’s hand (e.g., hand 102}, The apparent cylindrical
shape of the device 100 can also be taken as an exanple representative shape. It will be
appreciated that specific implementations of a device for necedle-free bioed draw in
accordance with exampic embodiments described herein could differ in form and size from
the device 100 shown in Figure 1A, Nevertheless, the deviee 100 can be taken as generalized
representation for characierizing the size and form factor of example ecmabodiments, while not
necessarily niling out other sizes and/or form factors.

(6643} Figure 1B shows an alternative embodiment of the form of an example device
104 in an example use context for needle-free blood draw from a hand 106, again prosumed
for purposes of illostration to represent a person {(e.g., a medical patient). The device 104 as

shown could be wearable device, held i place by 8 wristband, for example (as shown);
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operation could be mamial or automatic with such a wearable configuration. In the example
use context ilustrated in Figure 1B, the device is positioned against the wrist of the hand 106,
Again, application of the device might be used for drawing a smail smount of blood, for
example, for a glucose test.

3044} The position and orientation of the device 100 and or 104, in particular in
contact with the index finger or wrist, can also be taken as representative of how example
embodiments can be applied in practice. Namely, one end of the device 100 or 104 can be
held against, ov just above, the skin of the finger or wrist. It is contemplated that an example
device could be applied at other parts or locations of a person for needle-free blood draw {or
for delivery of medications or therapeutic monitoring substances, for example). For purposcs
of discussion, the term “dermal tissue” will be used herein to refer to the skin of a person
{e.g., a medical patient) whose blood 18 (or will be) drawn using an example device for
needle-free blood draw. The term “dermal tissue” will similarly apply to embodiments in
which needle-free piercing is used for sub-dermal delivery of medications or therapeutic
monitoring substances, Furthermore, unless stated otherwise, the ferm “dermal tissue” will
not nocessarily specify or require a particular part of, or location on, a person.

6845} Figwre 2 is a functional block diagram of a device 200 for needle-frec blood
draw in accordance with example embodiments. The example device 200 can be generally
described has having an clongated shape along what shall be reforred to as a longitudinal
dimension (horizondal in the illustration of Figure 2). For purposes of discussion, two
opposite directions along the longitudinal dimension of the device 200 can be defined.
MNamely, a “proximal” direction and an opposite “distal” divection. The device 200 can
correspondingly be described as having a proximal cnd and = distal end. Various componcuts
of the device 200 can similarly be described as having proximal and distal end or sides. Such

descriptions serve to establish the orientation of the components with respect to the proximal
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and distal directions, and with respect to cach other. In the illustration of Figure 2, the
proximal direction is depicted to the left, and the distal direction is depicted 10 the vight. For
reasons described below, the proximal direction is also referred to herein as the “upstream”™
direction, and the distal direction is also referred to herein as the “downstream” direction.

[BO46] fn accordance with example embodiments, the device 200 inchides an outer
barrel 202 with an interior volume 203, and having an aperture 204 at its distal end. As
shown in the Figure 2, an inoer barrcl 206 is positioned longitudinally within, and co-aligned

with, the outer barrel 202, The inner bavrel 206 hag an interior channel 20

=
/
/

running its length
and is open at both #s proximal and distal ends, such that the inmer barrel 206 can be
described as forming a tube. The open distal end of the nner barrel 206 is proximats to, and
aligned with, the aperture 204. The outer barvel 202 1s also referred to below as a “negative
pressure” barrel, and the inner barrel 206 is also referred 1o below as an “acceleration” barrel.
(8047} In further accordance with exampie embodiments, the distal end of the outer
barrel 202 has a membrane 220 that covers and scals the aperture 204, In an operational
position in which the device 1s ready {or made ready) for use {e.g., ready to draw blood), the
distal end of the outer barrel 202 is placed against {or possibly just very close to) dermal
tissue 222.

#0438} The device 200 further inchudes a high-pressure gas source 208 (labeled “P™)
near its proximal end. The high-pressure gas source 208 is connected to a chamber volume
212 (labeled “V™) by way of an intervening metering valve 210, The chamber vohume 2172 is,
in turn, connected to a flow conditioner 218 by way of an intervening trigger valve 214, The
flow conditioner 218 feeds into the open proximal end of the inmer barrel 206, A micro-
particle 216 15 Unitially positioned at a launch point within the wterior channel 207 of the
inner barrel 206, near its proximal end, and distal of the flow conditioner 218. Note that the

neither the sizes of the components, nor their relatives sizes, are necessarily shown to scale in
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Figure 2.

16649} Example operation of the device 200 can be described in accordance with
example embodiments as follows. The trigger valve 214 can be configured in 2 closed state
and an open state, and can inchude a release actuator (not necessarily shown n Figure 2) for
causing the trigger valve to abruptly transition from its closed to its open state — ie., to
abruptly open. With the trigger valve in Us closed state, such that it forms a hydrostatic
boundary between the chamber volume 212 and the open proximal end of the inner barrel
206, the chamber volume 212 is filled with pressurized gas from the high-pressure gas source
208. Note that the open proximal end of the mer barrel 206 can actually correspond 1o the
proximal end of the flow conditioner 218, The metering valve 210 can be used to help ensuse
that a measured amount of gas from the high-pressure gas source 208 is allocated for this
purpose. The interior volume 203 of the outer barrel can be evacuated to form a vacuum
within the interior volume 203 and the interior channel 207 up to the trigger valve 214, The
closed trigger vaive 214 and the membrane 220 sealing the apertore 204 can then serve to
maintain the vacuum. In this configuration, the device 200 can be said to be “armed” or in an
“armed state.”

13058] In the armed state, the device 200 can be positioned and held with its distal
end against the dermal tissue 222, as shown, and with its longitedinal divection approximately
perpendicular to the dermal fissue surface (as illustrated, for example, in Figure 1), While
being held in this position, the release actuator of the trigger valve 214 can be actuated to
cause the trigger valve 214 to abruptly open, thereby abruptly releasing a surge of pressurized
gas from the chamber volame 212 into the open proximal end of the joner barrel 206 by way
of the flow conditioner 218, As discussed below, the flow conditioner 218 can cause the
pressure surge entering its proximal end to exit the distal end of the flow conditioner 218 as

an enhanced tlow, possibly even a supersonic flow. This enhanced flow, traveling in the
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distal direction, then hits the micro-particle 216 at the launch point, imparting a large and
sudden impulse, and causing the micro-particle 1o rapidly accelerate through the interior
channel 207 the open distal end of the inner barrel 206.

8051} As the micre-particle 216 travels in the distal divection, the pressure surge
behind it {enhanced by the flow conditioner 218) continues to aceelerate 1, thereby Increasing
the kinetic conergy of the micro-particle 216, In addition, the vacuum within the interior
volume 203 and the interior channel 207 further enbances the initial pressure differential
between the pressurized gas and the evacuated space prior to the abrupt opening of the frigger
valve 214, while at the same time reducing drag and/or back-pressure on the micre-particle
216 that might otherwise resuit from gas swept up in front of the micro-particle 216 as it
accelerates distally. As described below, the external cross-sectional size and shape of the
micro-particle 216 can be made to be a close fit to the Interior cross-sectional size and shape
of the jnterior charnel 207, such that the major portion of the pressure surge remains behind
the micro-particle 216 without leaking past it.

18652} In accordance with example embodiments, and as discussed below, the micro-
particie 216 can exit the open distal end of the uderior barrel 206 and pass through the
aperture with sufficient momentum (or kingtic encrgy) o pierce through the membrane 220
and penctrate deeply encogh inte the dermal tissge to cause a micro-emergence of blood at
the surface of the dermal tissue. The residual vacuum within the interior volume 203 of the
outer barrel 202, which constitutes negative pressure with respect to air pressure outside the
outer barrel 202 — and in particular, at the surface of the dermal tissue — can then cause at
feast a portion of blood from the micro-emergence to be drawn inte the interior volume 203,
8053} As described below, the size of the micro-particle 216 can be made sufficiently
snxall, and the kinetic energy doveloped by the acceleration process made sufficiently large,

that the action of puncturing the dermal tissue 222 and causing the micro-emergence of blood

2{



WO 2015/183418 PCT/US2015/025115

N

can be made mmperceptible {or very nearly so} to a person to whom the needle-free blood
draw procedure might be applied. More particularly, the small size of the micro-particle 216
can help ensure that the cross-sectional size of the dermal-tissue puncture is smaller than a
size that would typically be considered perceptible. At the same time, the very high speed
attained by the micro-particle 216 (largely accoumtmg for its high kinctic energy) can help
ensure that the action of puncturing the dermal tissue 222 can occur sufficiently suddenly and
rapidly to further reduce, or diminish, or climinate any physical scusation (or perception
thereot) that might otherwise result from the action,

18654] In the example operational description above, the gas flow driven by the
pressure surge of the released pressurized gas, as well as the micro-particle 216 accelerated
by the gas flow, is directed from the proximal to the distal direction. Accordingly, the
proximal end of the example device 200, and of the components thereof, 15 also referred to
herein as the “upstream” end or side. Sunilarly, the distal end of the example device 200, and
of the components thercof, is also referred to horein as the “downstream” end or side.
Correspondingly, the proximal direction 15 also referred to herein as the upstream divection,
and the distal direction is also referred to herein as the downstream direction.

855} Additionally, because cvacoation of (ie., forming a vacuom within) the
mterior volume 203 of the ouvter barrel 202 results in negative internal pressure with respoct
to the ambient pressure outside the outer barrel 202, the outer barrel 202 13 also referred to
herein as a “negative-pressure barrel.” Note that this terminology does not necessarily imply
that a vacaum exists within the negative-pressure barrel at all times, but rather that the device
200 has at least one operational state {e.g., the armed state) in which a vacuum exists within
the negative-pressure barrel.  Further, #t will be appreciated that the terms “vacuum”™ and
“evacuated” refer {0 negative mtornal pressure with respect o the ambient pressure outside

the outer barrel 202, and can potentially be used to describe different levels of pressure

21



WO 2015/183418 PCT/US2015/025115

differential.

16636} As a further note regarding terminology used herein, in view of the use of the
inner barrel 206 for accelerating the micro-particle 216, the inner barrel 206 is also referred to
herein as an “acceleration barrel” As discussed below, a pressure-drive acceleration barrel,
such as the inner barrel 206, can accelerate a micro-particle to nearly supersonic speed, and
possibly higher, by the time the micro-particle exits the open distal end of the acceleration
barrel. Speeds in this range — namely speeds approaching and/or exceeding supersonic speed
- are veferred to herein descriptively and “hyperspeeds.”  Because the acceleration is
primarily pressure-driven for the examiple cmbodiment shown in Figure 2, the physical
process of accelerating the micro-particle may be described as pnoumatic. To signify the high
speed attained by the micro-particle, the moniker “hyperspeed particle aceelerator” will also
be used herein to vefer to a device for needie-free blood draw, such as the device 200
described by way of example above.

{8057} In practice, the depth of penectration of the micro-particle, once in exits the
aperture 204, can depend on the size of the pressuve surge, density of the micro-particle, and
the cross-sectional diameter of the micro-particle. More particularly, for a given density and
cross-sectional diameter, penetration depth is generally found o increase lincarly with
pressure.  Simlarly, for a given pressure and cross-sectional diameter, penetration depth is
generally found to increase lnearly with density; and for a given density and pressure,
penctration depth is generally found to increase lincarly with cross-sectional diameter.

(6658} In some example embodiments, one or more of the components of a device for
needle-free blood draw, such as the device 200, can be omitted. More specifically, m
cxanple embodiments configured for a single application, the chamber volume 212 can be
pre-filled with pressurized gas, or the high-pressure gas source 208 can be configured to

provide just a single allocation of pressurized gas for filling the chamber volume 212 when
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the device 200 is armed. For such “single-use” embodiments, the metering valve 210 might
not serve any purpoese, and can therefore be omitted as a component.  For “multiple-use”
embodiments of the device, one purpose of the metering valve 210 might therefore be to
provide mubtiple allocations of pressurized gas for multiple fillings {or re-filhings) the
chamber volume 212

[BO59] In some example embodiments, the flow conditioner 218 might not be
inchuded. For such embodiments, the pressure surge of the released pressurized gas can then
just flow directly into the interior channel 207, Alternatively, the proximal end of the interior
channel 207 can include a tapered shape that scrves as a backstop 1o the micro-particie 216,
preventing it from move proximally from the launch point toward the trigger valve 214, As
still a further alternative, the flow conditioner 218, such as a nozzle segment, could
meorporate a shape at its distal end that serves as a taper/backstop.

[8068] In some example embodiments, the membrane 220 might be omitted. For
such embodiments, the dermal tissue nught offectively form a membrane to seal the aperture
204 by placement of the aperture divectly against the dermal tissue prior to or during
evacuation of the interior volume 203 of the ncgative-pressure barrel.  For example, a
multipic-use embodiment could use the dermal tissue as a seal of the aperture for each of
multiple applications of drawing blood.

861} Example embodiments of a hand-portable hyperspeed accelerator for needle-
frec blood draw can be described in further detatl by considering Figure 3, which is an
example schematic representation of one form of such a device. In Figure 3, a proximal {and
upsiream} direction 15 again depicted to the left, and a distal {and downstream)} direction is
again depicted to the right. As shown, # device 300 can melude a negative-pressure barrcl
302 with an aperture 304 at its distal cnd and ap interior volume 322 withina In the

operational context illustrated, the distal end of the ncgative-pressure barrel 302 has a
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membrane 318 that covers and scals the aperture 304. A housing 306 is affixed o the
proximal end of the negative-pressure barrel 302, The housing 306 contains a chamber
volume 308, which is physically separated from the interior volume 322 of the negative-
pressure barrel 302 (although the two volomes 308 and 322 are represented as adjacent to one
another in the illustration of Figure 3, they need not necessarily be so).

(8062 In accordance with example embodiments, an accelerator barrel 310 can be
positioned longitudinally within, and co-aligned with, the negative-pressure barrel 302, The
accelerator barrel 310 has an interior chamnel 312 running its length with an open distal end
and an open, but sealable, proximal end, such that the accelerator barrel 310 can be described
as forming a tube. Note that in the operational configuration illustrated in Figure 3, a trigger
valve 320 is depicted as providing a seal covering the open proximal end of the accelerator
barrel 310. The open distal end of the accelerator barrel 310 is proximate to, and aligned
with, the aperture 304, A horizontal dashed line extending through the interior channel 312
and the aperture 304 in Figure 3 represents the alignment.

16663} As depicted by way of example n Figure 3, the distal end of the accelerator
barre] 310 appears to extend shightly foto the chamber volume 308 of the housing 306. The
depth of this extension is not necessarily of significance in the illusiration of Figure 3, but
rather 1s intended to represent that there is 8 hydrodynamic conmection between the chamber
volume 308 and the interior chanmel 312 {and the interior volume 322 by way of the interior
channel 312} when the trigger valve 320 is open (e.g., the seal is absent or removed).

[8B64] The interior channel 312 of the accelerator barrel 310 has an interior cross-
sectional shape that is constant over most of its length, except for 4 short flow-conditioning
segment 314 near the proxinwal end of the interior channel 312, The flow-conditioning
segment 314 could be a nozzle scgment, for example. By way of example, the interior cross-

sectional shape of the imterior chamnel 312 could be a circle with a diameter that then defines

24



WO 2015/183418 PCT/US2015/025115

an “inner diameter” of the interior channel 312. The mmer diameter 1§ indicated by “ID” in
Figure 3.

[8865] In accordance with example embodiments, a micro-particle 316 can be
positioned initially at a launch point within the interior channel 312, just downstream of the
flow-conditioning scgment 314, as shown. The micro-particle can have an outer cross-
sectional shape in a plane perpendicular to an axis of the acceleration barrel 310 (shown as a
horizontal dashed line in Figore 3} that is substantially similar in form, and ondy very slightly
smaller in size, to the outer cross-sectional shape of the interior channel 312, As such, the
micro-particle can travel freely from the launch point to the open distal end of the accelerator
barrel 310, with only a minute amount of clearance along the way., In an cxample
configuration, the interior channel 312 can have an inmer diameter in a size range of 10 pmito
250 wm, and the micro-particle 316 can have an outer diameter in a similar range {(where 1
w = 10°% m). As diseussed below, the micro-particle 316 can have an outer ¢ross-sectional
shape that 1s not exactly circular or even regular. For example, in some cmbodiments, the
micro-particle 316 can be an agglomeration of nanc-sized particles, such that its outer cross-
sectional shape has some degree of rregularity. In this sense, the “outer diameter” of the
micro-particle 316 can be taken to correspond 1o the diameter of a circle that circumseribes
the outer cross-sectional shape.

#0866} The lower left portion of Figure 3 shows a magnified face-on view of the
acceleration barrel 310 and the mirco-particle 316, In this view, the outer cross-sectional
shape of the micro-particle 316 is represeuted as circular, with an outer diameter (labeled
“07) that is slightly smaller than the inner diameter (ID) of the acceleration barrel 310 (ie.,
the cross-sectional diameter of the interior channel 312). The difference between ID and GD
is designated as A to signify that the size difference can be small.  Note that A also

corrgsponds to a clearance between the micro-particle 316 and the circular wall of the interior
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channel 312 as the micro-particle travels through the interior channel. For purposes of the
discussion herein, this close fit between the outer cross-sectional shape and size of the micro-
particie 316 and the nner-cross-sectional shape and size of the interior channel 312 i
referred to as a “flash fit,” with the understanding that there is some degree of clearance (¢.2.,
&) along the entire path through the interior channel 310 traveled by the micro-particle 316,

{8067} In further accordance with example embodiments, the device 30{ includes a
high-pressure gas source 324, depicted in Figure 3 as being within the chamber volume 308,
In an alternative configuration (not shown), the high-pressure gas source 324 could also be
situated outside of the chamber volume 308, but with a means of supplying pressurized gas

mto the chamber volume 308, The tugh-pressure gas source 324 can be configured for filling

the chamber volume 308 with pressurized gas for driving the preumatic acceleration of the
micro-particle 316, In one example, the high-pressure gas source 324 can be configured for
filling the chamber volame 308 just once for a single-use embodiment of the device 300. In
another example, the high-pressure gas source 324 can be configured for filling the chamber
volume 308 multiple times for mukliiple-use embodiment of the device 300, In the casc of a
multiple-use embodiment, the high-pressure gas source 324 can inclode a metering valve to
control allocations of high-pressure gas {(e.g., the metering valve 210 discussed above in
comnection with Figare 2).

[6068] Also in accordance with example embodiments, the trigger valve 320 can be
contigured in a closed state and an open state. [n its closed state, the trigger valve forms a
hydrostatic boundary between the chamber volume 308 and the open proximal end of the
accelerator barrel 310, With the trigger valve in its open state, the chamber volume 308 and
the open proximal end of the accelerator barrel 310 and the mterior chapmnel 312 are
bydrodynamically connected.  As shown, the trigger valve 320 can also inchude a release

actuator 326 for causing the trigger valve to abruptly transition from us closed state o ifs
2 EE 3

26



WO 2015/183418 PCT/US2015/025115

open state — Le., to abruptly open.

18469] By way of example, the trigger valve 320 can be a barmrier placed over the
distal cnd of the accelerator barrel 310 to seal the opening. This form of trigger valve is
represented by the iHhustration in Figure 3. The release actuator 326 can take various forms.
In one example, it can be a component configured to deliver an electric voltage and/or current
for abruptly rupturing 2 barrier-based trigger valve. This form of release actuator 326 is
suggested by a wire-like element in Figure 3. In another example, the release actuator 326
can be a mechanical component that mechanically picrees a barmier-based trigger valve. In
yet another example, the release actuator 326 can be incorporated as a property of a barrier-
based trigger valve that causes the barrier to abruptly rupture when the pressure of the gas in
the chamber volume 308 exceeds a threshold,  As still another example, the trigger barrier
could take the form of a “plug” made of a rapidly-meliable material, such as crystalline wax,
and the release actuator 326 could be clectrical heater wire or cotl. Crystalline wax has 2
very sharp transition temperature from solid to liquid, such that a plug (trigger barrier} can be
rapidly opened by supplying current to the wire or coil. It will be appreciated that other
forms of the trigger valve 320 are possible as well.

18676} Operation of the device 300 for neodie-free blood draw can again be described
by way of example. In an operational position in which the device is ready {or made ready)
for use {e.g., ready to draw blood), the distal end of the outer barrel 302 1s placed agamst {or
possibly just very close to) dermal tissue 330, With the trigger valve 320 in the closed state,
the chamber volume 308 is filled with pressurized gas from the high-pressure gas source.
The mterior volome 322 of the negative-pressure barrel 302 can be evacuated to form a
vacuum within the inderior volume 322 and the foterior channel 312 up to the closed trigger
valve 320. The closed trigger valve 320 and the membranc 318 sealing the aperture 304

again serve 1o maintain the vacuum. In this configuration, the device 300 armed.
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16671} In the armed state, the device 300 can be positioned and held with its distal
end agamst the dermal tissue 330, as shown, and with its longitudinal direction approximately
perpendicular to the dermal tissue surface. While being held in this position {¢.g., manually
for a hand-held device or fixedly for a wearable device), the release actuator 326 can be
actoated to causc the trigger valve 320 to abruptly open, abruptly releasing a surge of
pressurized gas from the chamber volume 308 tdo the open proximal end of the accelerator
barrel 310 by way of the flow-conditioner segment 314, As described above, the pressure
surge can accelerate the micro-particle 316 to hyperspeed through the interior channel 312
and the apertime 304, In the process, the miicro-particle 316 can acquire sufficierd kinetic
energy to pierce through the membrane 318 and penctrate the dermal fissue. Again, a
resulting micro-emergence of blood from the dermal tissue can be drawn into the negative-
pressure barrel 302 by the vacuom within.

(8872} In accordance with example embodiment, the launch point within the interior
channel is configured very nearly next to the trigger valve 320. That is, the proximal side of
flow-conditioner segment 314 can be adjacent to the trigger, and the launch point, where the
micro-particle is positioned in the armed state of the device 300 is adjacent 1o the distal side
of the flow-conditioner segment 314, The closc proximity of the micro-particic to the source
of the pressure surge (i.e., the trigger valve 320) helps insure that the pressure surge delivers
an impulse to the micro-particle 316, and helps diminish the possibility of a more gradual
pressure build-up behind the micro-particle 316, By way of example, the distance between
the trigger valve 320 and the micro-particle 320 at the launch point can be configured to be
no larger than the one or two times the diameter of the micro-particle 316,

16673} In further accordance with example embodiments, the interior volume 322
can include a reservoir 328 for collecting and holding the drawn blood. The two vegions

labeled 328 in Figure 3 can be taken to represent an annulus viewed from the side. Although
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not necessarily shown n Figure 3, the reservoir can include an absorbent material for more
efficient collection and storage of the drawn blood. By way of example, the absorbent
material can be a hydrophilic absorptive wick {or wicking substance) that can facilitate
collection and storage of drawn blood through capillary action. Such 8 wick could form a
partial or total anmulus around the opening of the aperture 304, such that is can be close
enough to the dermal puncture 1o make contact with the micro-emergent blood to trigger
capiliary action, but not obstruct the aperture 304 or the micor-particle’s exit path.

186743 In an alternative embodiment, a wicking substance could be have sufficient
capiliary action to reduce or clinvnate the need for vacuum action, reducing or elininating
the role of the vacuum in the interior volume 322 for drawing up the micre-emergence of
blood. For such an embodiment, gvacuation of the imterior volume 322 could be omutted
from the device 300, The hydrophilic wick could mstead fimction alone in collecting drawn
blood.

[8075] In accordance with example cmbodiments, the high-pressure gas source 324
can be a container, such as a cartridge, of pre-pressurized gas that can be released as one or
more allocations for filling the chamber volume 308, For exanple, a cartridge could contain
compress atmospheric air, COy, No, or He. Other gases could be used as well. It will be
appreciated that the lighter gases will flow faster, and vice versa. In an alternative
configuration, the high-pressure gas source 324 can be a2 component configured for
gencrating high-pressure gas. For example, the high-pressure gas source 324 can use a
chemical reaction or electrochemical reaction that generates gas pressure.  Ome such
mechanism can electrolyze water into hydrogen and oxygen gas within the chamber volume.
In still another counfiguration, the high-pressure gas source 324 can be a component
configured for gencrating high-pressure gas by mechanical means. For example, a plunger or

piston coudd be used to compress gas within a cylinder. The planger or piston could be
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actuated by a spring-loaded release lever, for instance. By way of example, the pressure in
the filled chamber vehime 308 (i.e., filled from the high-pressure gas source 324) could be
a range of 460-1,000 pounds per square inch (psi). Higher pressures, up to and possibly
exceoding, 5,000 pst could be used as well.

[B876] n further accordance with example embodiments, the membrane 318 used to
seal the aperture 304 could be made of a thin foil. Simdlarly, a thin foil could be used for s
barrier-based trigger valve 320, As another example, the membrane and/or the trigger barrier
could be made of mylar. As described above, a barrier-based trigger valve could be ruptured
mechanically (e.g., by 2 rupturing tmplement or by a pressure spike as the chamber volume
30% 1g filled}, or by an clectric spark or other electrical process.

(68771 In accordance with example embodiments, the interior volume 322 of the
negative-pressure barrel can be cvacuasted in a manufacture process of a single-use
embodiment. Alternatively, the device 300 could include an gvacuation actuator that creates
vacuum in the interior volume 322 prior to a single use of a single-use embodiment, or prior
to cach of multiple uses of a multiple-use embodiment. For example, an evacuation actuator
could be a mechanical plunger or piston that creates a vacoum by being withdrawn from a
cylinder. The cylinder couid be connected with the interior volume 322 such that it becomes
evacuated as the cylinder 1s withdrawn.

[BB78] fn an alternative muiltiple-use embodiment, all of the clements distal of the
housing 306 could be manufacture as an integrated, single-use {e.g., disposable) component,
and the housing 306, the pressurized gas source 324, and the trigger-relecase 326 could all be
mtegrated as a multiple-use component. In such a “two-component” arrangement, the two
components could be made to be casily assembled together (c.g., snap in place) for a given
application of a needie-free blood draw {or needle-free sub-dermal delivery of medication,

for example). After cach use, the disposable component could be removed and delivered to a
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blood analysis lab or local apparatus that could fully analyze the blood, or partially analyze it
and upload the partially-analyrzed results to 8 network-based analysis facility for complete
analysis. Alternatively, the muitiple-use component could include an integrated analysis test
modide that could perform the test in place. Such an arrangement could be made part of a
wearable device, for example. The disposable component could then be removed and
discarded, and a new {(unused) disposable component fnstalied.

{68791 In further accordance with the two-component configuration, the disposable
components could be manufactured to as sterile components, and packaged sterilely.
Asscmbly of the twoe components could use a procedure that maintains the sterility of the
disposablec component so that it remains sterile through use and analysis of the biood sample
{or delivery of the medication or therapeutic monitoring substance).

[B086] In accordance with example embodiments, both the single-use and multiple-
used configurations can include a means for sterifizing the dermal tissue prior to apphication
of the device. By way of example, the distal end of the negative-pressure barrel could
mechide an alcohol (or other sterilizing substance) dispenser that flushes the dermal tissue
over an area that will jnclude the puncture point.  Alternatively, stevilization could be
achicved with a puise of wltraviclet (UV}) radiation, or a heat pulse. In still further accordance
with example embodiments, an anti-coagulant, such as heparin, could be applied prior to a
blood draw in order to help ensure that the micro-emergence of blood does not clot before
being drawn up inio the reservoir 328. The anti-coagulant could be applied by an integrated
dispenser, for example.

8081} Figure 4 is an example schematic representation of an aliernative embodiment
of a device 400 for needle-froe blood draw, according to an alternative example embodiment.
Specifically, the device 400 includes most or all of the elements of the device 300 discussed

above, but, as shown, the barrel elements of the device 400 are curved. A curve configuration
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can be used, for example, to accommodate a more compact form factor than might be
accommodated by a straight configuration such as the one shown in Figure 3. A compact
configuration could be beneficial for 3 wearable embodiment, such the wristband example
ilfustrated in Figure IB.

{8082} The specific elements of the device 400 include a curved negative pressure
barrel 402, with an aperture 404 at its distal end and an imterior volume 422 within, The
distal cnd of the negative-pressure barrel 402 has a membrance 418 that covers and seals the
aperture 404. A housing 406 is affixed 1o the proximal end of the negative-pressure basre
402, The housing 406 contains 2 chamber volume 408, which is physically separated from
the interior volume 422 of the negative-pressure barrel 402, A high-pressure gas source 424
1s configured within the chamber vohime 408, In the Hllostration of Figuwre 4, the sealed
aperture 404 s depicted as adjacent to dermal tissuc 430.

[B0R3] A curved accelerator barrel 410 is positioned co-lincarly with the negative-
pressure barrel 402, The accelerator barrel 410 has a curved interior channel 412 running its
fength with an open distal end and an open, but sealable, proximal end. The open distal end
of the accelerator barrel 410 s proximate to, and aligned with, the aperturc 404, A curved
dashed hinc extending through the interior channel 412 and the aperture 404 in Figure 4
represents the alignment. The interior channel 412 has an interior cross-sectional shape that
18 constant over most of its length, except for a short flow-conditioning segment 414 near the
proximal end of the interior channel 412. The flow-conditioning segment 414 could be a
nozzle segment, for example. In the operational configuwration illustrated in Figiwe 4, a
rigger valve 420 18 depicted as providing a seal covering the open proximal end of the
accelerator bamel 410, As shown, the trigger valve 420 can alse include 2 rclease
actuator 426 for causing the trigger valve to abruptly iransition from its closed state to its

open state - L.e., to abraptly open.
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{6084} A micro-particle 416 can be positioned mitially at 8 launch point within the
terior channel 412, just downstream of the flow-conditioning segment 414, as shown. The
micro-particle can have an outer cross-sectional shape in a plave perpendicular to an axis of
the acceleration barrel 410 that is substantially similar in form, and only very slightly smaller
n size, to the outer cross-sectional shape of the interior channel 412,

[GORS] Operation of the device 400 for needie-tree blood draw is largely same as that
described above for the device 300, and is not described further,

6686} Note that, as with the illustration of the device 200 in Figure 2, the neither the
sizes of the components, nor their relatives sizes, of the devices 300 and 400 in Figures 3 and
4 arc nocessarily shown fo scale.

3. Hustrative Micro-Particles

[BORT] fn accordance with example embodiments, the micro-particle can have a
spherical, cllipsoidal, or cylindrical shape, and a characteristic size {o.g., diameter) in range
of 10 uwm (microns) — 250 wm. The micro-particle can be metallic {e.g., wron} or
biodegradable (e.g., salt, sugar, or polvlactic-co-glyveolic acid (PLGA)Y). The micro-particle
can also be composed of vultiple, smaller particles, or an agglomerate of smaller particles.
For example, the micro-particle could be made of nano-sized gold particles bound together
with biodegradable gloe. In general, the higher the density of the micro-particle, the deeper
the penetration of the dermal tissue.  Other forms and compositions of micro-particles are
possibic as well.  For example, the micro-particle could be a small droplet liquid, such as
water. Further, the micro-particle could be positioned at the launch point with a small amount
of hquid (e.g., water) just behind it (1.e., on the proximal — up stream — side of the particle).
This configuration could be used to effectively increase the mass of the micro-particle,
thereby boosting the total acquired momentum and resulting dermal penetration depth.

[B088] In further accordance with example embodiments, the micro-particle can
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provide therapeatic value beyond just inducing a micro-emergence of blood for a needle-free
blood draw. For example, a micro-particle could carry medication for delivery into a patient.
Additionally or alternatively, a micro-particlc could have physical properties that make it
suitable for diagnostic monitoring of a patient.

4. Example Methed

[GORY] Figure 5 is # flowchart illustrating an example method of needle-free blood
draw using a hand-portable hyperspecd particle accelerator, according to an example
embodiment. The example method could be carried out using a hand-portable hyperspeed
particle accelerator such as the device 300 or 400 discussed above.

18696] At step 502, a negative-pressure barrel of a hand-portable hyperspeed particle
accelerator is evacuated.

3891} At step 504, a trigger valve situated between a chamber volome and an open
proximal end of an acceleration barrel is armed, or closed. Arming or closing the trigger
valve creates a hydrostatic boundary between the chamber volume and the interior chaonel of
the accelerator barrel.

18652} At stop 506, a micro-particle is configured 2 launch point within the
accelerator barrel, proximate to the trigger valve. As described above, the launch point is
downstream of the trigger valve, but near the proxamal end of the aceclerator barrel.

8093} At step 508, the armed migger valve is abruptly open to abruptly release
pressurized gas from the chamber volume into the open proximal end of the accelerator
barrel. As described above, the resulting surge of gas can accelerate the micro-particle to
hyperspeed, approaching or exceeding the speed of sound. The micro-particle can thereby
attain cnough kinetic energy to pierce through a membrane, such as a thin foil, covering an
aperture at the distal end of the vegative-pressure barrel, and penetrate dermal tissue

proximate to the apertwe.  Penetration of the dermal tissue can then result in a micro-
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emergence of blood at the surface of the dermal tissoe.

8694} At step S14, at least a portion of blood from the micro-emergence of blood s
drawn into the negative-pressure barrel through the aperture.

[6895] In further accordance with example embodiments, the hand-portable
hyperspeed particle accelerator can be configured for multiple applications by repeating the
steps 502-510.  Specifically, the vegative-pressure barrel can be re-evacuated, the trigger
valve can be re-armed, and a replacoment micro-particle can be re-configured at the laonch
point. A subsequent application of needie-free blood drawing can then be accomplished by
re-releasing the re-armed trigger valve, and again drawing at least a portion of blood from a
subsequent micro-emergence of blood at the dermal tissue surface.

8096} It will be appreciated that the steps shown in Figure § are meant to illusiraie a
method i accordance with example embodiments. As such, various steps could be altered or
modified, the ordering of cortain steps could be changed, and additional steps could be added,
while still achieving the overall desired operation.

18057} The method illustrated in Figure 5 can be viewed more generally as a method
for creating a pore-size skin puncture by accelerating a micro-particle at a dermal tissue
surface using a hand-portable hyperspeed micro-particle accelerator. The generalized sieps of
the method mchide configuring & micro-particle at a launch point at a proximal end of an
accelerator barrel of a hand-portable hyperspeed micro-particle accelerator device. The
accelerator barrel can be positioned lengthwise within an outer barref of the hand-portable
hyperspeed micro-particle accelerator device and can have an open distal end proximate to,
and aligned with, an aperture at a distal end of the outer barrel. The hand-portable
hyperspeed micro-particle accelerator device can be armed, such that it is placed in 2 ready
state for accelerating the micro-particle. In the armed state, the hand-portable hyperspeed

micro-particle accelerator device can then be triggered, thereby causing the micro-particle to
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accelerate from the laumch point to the open distal end of the accelorator barrel and through
the aperture with sutficient momentum to pierce dermal tissue and creating a surface puncture
no larger than a dermal pore in size.

8088} While the hand-portable hyperspeed micro-particle accelerator device has
been described by way of cxample embodiment as a puneumatic accelerator, other
embodiments of micro-particle accelerator mechanism  are possible.  For example,
hyperspoed acccleration of a micro-particle could be achieve with an electromagnetic railgun,
for example. Such an alternative embodiment could also be used for necdle-free blood draw
(or sub-dermal delivery of medicine or therapeutic mountforing substances) in maoner similar

to the methods discussed above.

5. Conciusion

(B899} While various aspects and embodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposcs of illustration and are not intended to be

fmiting, with the truc scope being indicated by the following claims.
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CLAIMS

What is claimed 1s:

I. A device comprising:

an evacuated negative-pressure barrel with an aperture membrane sealing an aperture
at 2 distal end of the evacuated negative-pressure barrel, and & housing affixed to, and
scaling, a proximal end of the evacuated negative-pressure barrel;

an accelerator barrel positioned lengthwise within the evacuated negative-pressure
harre] with an open proximal end fixed to the housing and opening nto a chamber within the
housing, and having an open distal end proximate to, and aligned with, the aperture;

a high-pressure gas source configured for filling the chamber with pressorized gas;

a trigger valve situated between, and forming a hydrostatic boundary between, the
chamber and the open proximal end of the accelerator barrel;

a micro-particle positioned within the accelerator barrel at a launch point proximate to
the trigger valve; and

a trigger-valve release actuator configured for abruptly opening of the trigger valve to
abruptly release the pressurized gas from the chamber and into the open proximal end of the
accelerator barrel,

wherein, the abruptly released pressurized gas is configured to accelerate the micro-
particle from the launch point to the open distal end of the accelerator barrel and through the
aperture with sufficient momentum to pierce through the aperture membrane and penetrate a
sufficient depth of dermal tissue proximate to the distal end of the evacuated negative-
pressure barrel to induce a micro-emergence of blood at the dermal tissue surface,

and wherein, residual negative pressure within the evacuated negative-pressure barrel

18 configured to draw at least a portion of bloed from the micro-emergence into the evacuated

(43
-3



WO 2015/183418 PCT/US2015/025115

negative-pressure barrel through the pierced aperture membrane.

2. The device of claim i, wherein the device is configured to be one of a hand-

held device or a wearable device.

3. The device of claim 1, wherein the negative pressure barrel and the accelerator

barrel are both curved along a co-linear, lengthwise direction.

4. The device of claim 1, wherein the high-pressure gas sowree is selected from a
list consisting of a container of compressed gas, a chemically-reactive gas pressure generalor
apparatus, an electro-chemical gas pressure generator apparatus, and a mechanical pressure

generator.

W

The device of claim 1, wherein the accelerator barrel comprises an inner
cylindrical channel having a constant interior cross-sectional shape between the launch point
and the open distal end,

and wherein the micro-particle has an exterior cross-sectional shape configured to be
a flush fit to the constant interior cross-sectional shape of channel and at the same time not

mpede free longitudinal motion of the micro-particle through the chanmel.

6. The device of claim 5, wherein the interior cross-sectional shape of the inner

cyhndrical channel is circular and the exterior cross-sectional shape of the micro-particle s

substantially circular,

7. The device of claim 5, wherein the fmner cylindrical chanpel comprises a
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nozzle segment situated between the launch point and the trigger valve, the nozzle segment
being configured to cause the abruptly released pressurized gas entering from the chamber to

exit the nozzle segment toward the micro-particle as a supersonic flow.

3. The device of claim 5, wherein the ner cylindrical channel comprises a taper
scgment situated between the Jaunch point and the trigger valve, the taper segment forming =
backstop configured to prevent motion of the micro-particle from the launch point toward the

rigger valve,

9. The device of claim §, wherein the trigger valve comprises a trigger barrier
configured to form a hydrostatic seal between the chamber and the open proximal end of the
accelerator barrel,

and wherein the trigger-valve release actuator comprises a rupture actuator contigured

for abruptly rupturing the trigger barrier to abruptly break the hydrostatic seal

10, The device of claim 1, further comprising a rescrvoir at the distal end of the
negative-pressure barrel configured for collecting and holding the at lcast a portion of blood

drawn.

1. The device of claim 6, whercin the tuner cylindrical channel has an inner
diameter m a range from 10 pm to 250 pm,
and wherein the substantially circular cross-sectional shape of the micro-particle is

circumscribed by a circle having a dismeter in a range from 10 pm to 250 ym.

12, The device of claim 1, wherein the micro-particle comprises an agglomeration
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of nanoparticles bound together with a biodegradable matrix.

13. The device of claim 12, wherein the nanoparticles comprise nano-sized gold

particlies and the biodegradable matrix comprises polylactic-co-glycolic acid.

4. Adevice coraprising:

an ocuter barrel with an aperture at a distal end, and a housing affixed to a proximal
end;

a hydrophilic absorptive wick in the outer barrel, unobstructively surrounding at least
a portion of the aperture;

an fnner barrel positioned lengthwise within the outer barrel with an open proximal
end fixed to the housing and opening into a chamber within the housing, and having an open
distal end proximate to, and aligned with, the aperture;

a high-pressure gas source configured for filling the chamber with pressurized gas;

a trigger valve situated between, and forming a hydrostatic boundary between, the
chamber and the open proximal ¢od of the tnmer barrel;

a micro-particle positioned within the inner barrel at a launch point proximate to the
trigger valve; and

a trigger-valve release actuator configured for abruptly opening of the trigger valve to
abruptly release the pressurized gas from the chamber and into the open proximal end of the
inner barrel,

wherein, the abraptly released pressurized gas is configured to accelerate the micro-
particie from the launch point to the open distal end of the inver barrel and through the
aperture with sufficient momentum to penetrate a sufficient depth of dermal tissue proximate

to the distal end of the outer barrel to induce a micro-emergence of blood at the dermal tissue
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surface,
and wherein, the hydrophilic absorptive wick 15 configured to draw at least a portion

of bicod from the micro-emergence nto outer barrel through the aperture by capillary action.

15, Adevice comprising:

a negative-pressure barrel having an aperture opening at a distal end and a housing
affized to a proximal end;

an accelerator barrel positioned lengthwise within the negative-pressure barre} with an
open proximal end fixed to the housing and opening into a chamber within the housing, and
having an open distal end proximate to, and aligned with, the aporture;

a high-pressure gas source configured for filling the chamber with pressorized gas;

a trigger valve situated between the chamber and the open proximal end of the
accelerator barcel, the trigger valve having a closed operational state o which the trigger
valve is closed so as to form s hydrostatic boundary between the chamber and the open
proximal end of the accelerator barrel, and an open operational state in which the frigger
valve is opened so as o remove the hydrostatic boundary;

an arming actuator configured for setting the device in an armed operational staic in
which (i} the trigger valve is set in the closed operational state, (i1} the chamber s filled with
pressurized gas, (i) a mucro-particle is positioned within the accelerator barrel at a launch
point proximate to the trigger valve, (iv) a negative-pressure vacuum is created within the
negative-pressure barrel and within the aceelerator barrel betwoen the open distal end and the
closed trigger valve, and (v} an aperture membrane is configured to seal the apertare and
maintain the negative-pressure vacuuny and

a trigger-valve release actuator configured for causing the trigger valve to abroptly

transition from the closed operational state to the open operational state, thercby abruptly
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releasing the pressurized gas from the chamber into the open proximal end of the accelerator
barrel,

wherein, the abruptly released pressurized gas is configured {o accelevate the micro-
particle from the launch point o the open distal end of the accelerator barvel and through the
aperture with sufficient momentum to pierce through the aperture membrane and penctrate a
sufficient depth of dermal tissue proximate to the distal end of the negative-pressure barvel to
induce a micro-emergence of blood at the dermal tissue surface,

and wherein, the negative-pressure vacuum within the negative-pressure barrel s
contigured to draw at least a portion of blood from the micro-emergence into the negative-

pressure barrel through the pierced aperture membrane.

16.  The device of claim 15, whercin the high-pressure gas source is selected from
a list consisting of a contaimer of compressed gas, a chemically-reactive gas pressure
gencralor apparatus, an electro-chemical gas pressure gencrator apparatus, and a mechanical

PICSSUre generator.

17. The device of claim 15, wherein the accelerator barrel comprises an inner
cylindrical channel having a constant interior cross-sectional shape between the launch point
and the open distal end,

and wherein the micro-particle has an exterior cross-sectional shape configured to be
a flush fit to the constant interior cross-sectional shape of channel and at the same time not

impede free longitudinal motion of the micro-particle through the channel.

i8. The device of claim 17, wherein the interior cross-sectional shape of the inner
3

cyhndrical channel i civeular and the exterior cross-sectional shape of the micro-particle is
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substantially cirenlar.

19. The device of claim 17, wherein the inner cylindrical channel comprises a
nozzle segment situated between the launch point and the trigger valve, the nozzle segment
being configured to cause the abruptly released pressurized gas entering from the chamber to

exit the nozzle segmaent toward the nicro-particle as a supersonic flow,

24, The device of claim 17, wherein the inner cylindrical chanpel comprises a
taper segment situated between the launch point and the trigger valve, the taper segment
forming a backstop configured to prevent motion of the micro-particle from the launch point

toward the irigger valve.

21, The device of claim 17, whercin the trigger valve comaprises a trigger barrier
configured to form a hydrosiatic seal between the chamber and the open proximal end of the

ger valve is set in the closed operational state,

&

accelerator barrel when the trig
and wherein the trigger-valve release actuator comprises a rupture actuator configured

for abruptly rupturing the trigger barrier to abruptly break the hydrostatic seal

22, The device of claim 21, wherein the arming actuator is further configured for
reconfiguring a replacement trigger barrier to set the trigger valve in the closed operational
state for cach of two or more separate instances of the arming actoator setting the device in

the armed operational state.

23, The device of claim 15, further comprising a metering valve configured for

controlling separate refill allocations of pressurized gas from the high-pressure gas souree to
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fill the chamber for each of two or more separate instances of the arming actuator setting the

device in the armed operational state.,

24, The device of claim 15, wherein the dermal Hissue surface serves as the
aperture membrane by placement of the aperture in direct contact against the dermal tissue

surface.

25. The device of claim 15, further comprising a reservoir at the distal end of the

negative-pressure barrel configured for collecting and holding the at least a portion of blood

drawi.

26, The device of claim 14, wherein the micro-particle comprises a micro-droplet
of liguid.

27.  The device of claim 14, wherein the micro-particle comprises a medically

therapeutic substance.

28. A method comprising:

evacuating a ncgative-pressure barrel of a device, the evacuated negative-pressure
barrel having an aperture mombrance scaling an aperiure at a distal end of the negative-
pressure barrel, and a housing affixed to, and sealing, a proximal end of the negative-pressure
barrel, wherein the negative-pressure barrel contains an accclerator barrel positioned
fengthwise within the negative-pressure barrcl with an open proximal end fixed to the
housing and opening into a chamber within the housing, and having an open distal end

proximate 1o, and aligned with, the aperture;
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arming a trigger valve situated between the chamber and the open proximal end of the
accelerator barrel, the armed trigger valve formung a hydrostatic boundary between chamber
and the open proximal end of the accelerator barrel;

configuring a micro-particle within the accelerator barrel at a lasnch point proximate
to the rigger valve;

by abruptly releasing the armed trigger valve, abruptly releasing pressurized gas from
the chamber and into the open proximal end of the accelerator, wherein, the abruptly released
pressurized gas is configured to accelerate the micro-particle from the launch point to the
open distal end of the accelerator barrel and through the aperture with sufficient momentum
to picrce through the aperture membrane and penctrate a sufficient depth of devmal tissue
proximate to the distal end of the negative-pressure barrel to induce a micro-emergence of
blood at the dermal tissue surface; and

drawing at least a portion of blood from the micro-emergence into the cvacuated

negative-pressure barrel through the pierced aperture.

29.  The method of claim 28, further comprising, subsequent to drawing the at least
a portion of blood:

re-gvacuating the negative-pressure barrel of a device;

re-arming the trigger valve;

re-configuring a replacement micro-particle within the accelerator barrel at the launch
point;

abruptly re-releasing the re-armed trigger valve; and

drawing at least a portion of blood from a subsequent micro-emergence at the dermal

tissue surface.

-
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30, Amcthod comprising:

configuring a micro-particle at a laumch point at a proximal end of an accelerator
barrel of a hand-portable hyperspeed micro-particle accelerator device, wherein the
accelerator barrel is positioned lengthwise within an outer barrel of the hand-portable
hyperspeed micro-particle accelerator device and has an open distal end proximate to, and
aligned with, an aperture at a distal end of the outer barrel;

arming the hand-portable hyperspeed micro-particle accelerator device for hyperspeed
acceleration of the micro-particle; and

triggering the armed hand-portable byperspeed micro-particle accelerator device to
causg the micro-particle to accelerate from the launch point to the open distal end of the
accelerator barrel and through the aperture with sufficient momentum to picrce dermal tissue
proximate to the distal end of the outer barrel with no larger than a dermal-pore-sized surface

puncture,
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