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METHODS AND SYSTEMS FOR CONTROLLING ENERGY DELIVERY TO
FILAMENT DEVICES

Field

[0601] This disclosure relates to thermal tissue ablation or flash vaporization using metallic
filaments as a conduit for energy delivery and/or transfer to tissue being ablated. More
specifically, this disclosure relates to converting electrical energy to heat for ablating the

f1ssue.

BACKGROUND

[6602] Druring poration of skin, the skin may be ablated using metaliic filaments brought to a
high temperature by providing electrical energy through the metallic filaments, and
transferring generated thermal energy (heat) into the skin through the surface of the skin
Fast mtroduction of the thermal energy into the skin causes a rapid increase in a temperature
of one or more outer layers of the skin and results m ablation of at least a portion of the skin.
The iostant (or near instant) ablation ensures that the stratum corneurn (the most outer
protective layer of the skin which prevents ingress of foreign materials into a body protected
by the skin and loss of bodily fluids) is removed from the skin. The removal of the stratum
corneumn provides an opemung {(sometimes referred to as a “pore”) having a depth that s
proportional to the electrical energy provided through the metallic filaments.

[0003] The epidermis is a laver of the skin which 1s agueous and can act as a conduit for a
formulated active pharmaceutical ingredient. If the electrical energy provided through the
metallic filaments 1s large enough and delivered quickly enough, the resulting heat ablates
the stratum corneum and exposes at least a portion of the epidermus. Providing more energy
mnto the skin will cause more of the epidernus (e.g., the water} to evaporate and result in
deeper pores. While deeper and a greater number of pores do not always result in attaiming a
higher flux rate (for example, some formulations can be affected by molecules found m the
mterstitial fluid such that having too many pores attenuate flux rate) in many cases deeper
pores can facilitate {or provide} a higher flux rate of the formulated active pharmaceutical,
thereby providing a sufficiently desirable supply or concentration of the formulated active

pharmaceutical via the skin.
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SUMMARY

Methods and apparatuses or devices disclosed heremn each have several aspects, no
single one of which is solely responsible for its desirable attributes. Without limiting the
scope of this disclosure, for example, as expressed by the claims which follow, its more
prominent features will now be discussed briefly.  After considering this discussion, and
particularly after reading the section entitled “Detailed Description” one will understand
how the described features being described provide advantages that include data
authentication services.

One embodiment incudes an apparatus for delivering thermal energy to a bhiological
membrane to cause the ablation of some portion of the membrane deep enough to cause a
micropore. The apparatus can include, for example, a porator mcluding an array of
conductive filaments, wherein the porator 1s configured to generate thermal energy heat
based on a current flowing through the array of conductive filaments, and provide the
thermal energy to a biclogical membrane positioned adjacent to the porator. The
apparatus can also mclude a power supply circuit configured to provide the current to the
porator 1n a plurality of pulses. Various embodiments of such an apparatus can include
one or more other features, including one or more of the features indicated below.

In some embodiments of an apparatus for delivering thermal energy to a bislogical
membrane to cause the ablation of some portion of the membrane deep enough to cause a
micropore, the power supply circuit includes a control circuit coupled to the power
supply, the control circuit configured to control one or more parameters of the plurality
of pulses. In some embodiments, the control circuit controls the one or more parameters
to implement a porator thermal warmup process. In some embodiments, the control
circuit controls the one or more parameters to implement a porator thermal slow-down
process. In some embodiments, control circuit controls the one or more parameters to
implement a porator thermal and maintenance process. In some embodiments, the one or
more parameters ncludes a current value representative of an amplitude of the current of
at least one of the pulses.

In some embodiments of an apparatus for delivering thermal energy to a bislogical

membrane to cause the ablation of some portion of the membrane deep enough to cause a
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micropore of an apparatus, the one or more parameters inclodes a frequency value
representative of a frequency of at least a portion of the plurality of pulses. In some
embodiments, the one or more parameters mcludes a puise width value representative of
a pulse width of at least one of the plurality of pulses. In some embodiments, a control
circuit controls current values of the plurality of pulses so that control current values are
be greater than or equal to a first current denstty and less than or equal to a second
current density, the second current density being greater than the first current density. In
some embodiments, the control circuit controls a curreni value to have a third current
density at a first time and a fourth current density at a second time, the thud and fourth
current densities being between or equal to the first and second current densities, the
fourth current density being less than the third current density, and the second time being
later than the first time. In some embodiments, the control circuit controls a pulse length
of the plurality of pulses to be greater than or equal to a first pulse length and less than a
second pulse length, the second pulse length being greater than the first pulse length. In
some embodiments, the control circuit is further configured to control the supply current
value to flash vaporize a portion of the membrane while mimimizing bikelihood of
fitameunt failure by melting.

Any of the above discussed embodiments may include one or more features described
herein, or other features. In some embodiments, a control circuit can be further
configured to determine a supply ratio of current to a cross-sectional area of the array of
conductive filaments, and control the supply ratio between a first threshold and a second
threshold that is greater than the first threshold. In some embodiments, the control circuit
is further configured to control pulse length and a pulse period between consecutive
pulses of the plurality of pulses together in combination to flash vaporize the skin surface
while mimimizing likelthood of filament faillure by melting. In some embodiments,
wherein the power supply circuit is further configured to monitor a temperature of the
array of conductive filaments, and control the terperature of the array of conductive
filaments to prevent a filament failure from melting or faitling into an open circuit state.
In some embodiments, the power supply is further configured to monitor a temperature of
the array of conductive filaments at least in part based on a resistance of the array of

conductive filaments. In some embodiments, the power supply circuit s further
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configured to monitor a temperature of the array of conductive flaments based at least n
part on received sensed temperature information. In some embodiments, the apparatus
further includes at least one sensor configured to provide temperature information to the
power supply circuit.  In some embodiments, the power supply circwit is further
configured to determine whether a pressure applied to the skin surface by the conductive
member is greater than or equal to a first pressure threshold. In some embodiments, the
second pulse length corresponds 1o a maximum pulse length below which a user of the
apparatus experiences painless microporation.

Another 1nnovation 15 a method for delivering thermal energy to a biological
mernbrane to cause the ablation of some portion of the membrane deep enough to cause a
micropore.  The method can include applying the apparatus with any of the above
identified features to the membrane, and controlling electrical pulses provided to the
array of conducting filaments to heat the array of conducting filaments to cause ablation
of some portion of the membrane deep enough to create at least one micropore.

BRIEF DESCRIPTION OF THE DRAWINGS

These drawings and the associated description heren are provided to ilustrate
specific embodiments of the invention and are not intended to be limiting,

FIG. 1A 1s a diagram iHlustrating an example of a thermal ablation system, according
to some embodiments.

FIG. 1B 15 a functional block diagram illustrating an example of a control unit of the
thermal ablation system of FIG. 1A, according to some embodiments,

FIG. 2A 15 a perspective view tllustrating an example of a filament of a filament array
that can be part of the thermal ablation system of FIG. 1A, according to some embodiments.

FIG 2B 15 a perspective view illustrating an example of a filament of a filament
array, showing a cross-sectional area and a current flow direction, according to some
embodiments.

FIG. 3A is a top view illustrating a representation of a filament array of a thermal
ablation system, for example, the thermal ablation systerm shown 1in FIG. 1A, the filament
array including a plurality of filaments, according to some embodiments.

FIG. 3B 1s an electrical schematic illustrating portions of a filament array, for

example, the filament array shown tn FIG. 34, according to some embodiments.
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FIG. 3C 15 a top view of a representation of a filament array that has one or more
filament failures.

FIG. 4 15 a graph showing temperature (Kelvin} on the y-axis as a function of time
(seconds) on the x-axis from two current densities applied to a filament array.

FIG. 5 15 a table dlustrating pore creation performance results (measured through a
trans-epidermal water loss) of the filament array of FIG. 1A relative to current densities and
pulse lengths of energy delivered to the filament array, according to an exemplary
embodiment.

FIG. 6 13 a graph dlustrating trans-epidermal water loss (TEWL} (y-axis) as a
function of energy per filament (x-axis) of a filament array.

FIG. 7 13 a graph tllustrating a pulse profile showing a relationship of TEWL {v-axis)
to energy {x-axis} provided via pulses to an embodiment of a filament array.

FIG 8 1s a graph dlustrating filament temperature (v-axis) of a filament array, the
filament temperature resulting from providing energy to the filament array in the form of a
plurality of pulses, according to some embodiments.

FIG. 9 13 a graph illustrating current and voltage signals controlling the energy
provided to a filament array over time relative to different phases of operation of a filament
array, according to some embodiments.

FIG. 10 15 a graph of temperature (y-axis) as a function of time (x-axis} illustrating an
operational temperature profile of a filament array, according to some embodiments.

FIG’s. 11A and 11B are graphs showing temperature curves of two different energy

delivery profiles for the filament array of FIG. 1B, according to an exemplary embodiment.

DETAILED DESCRIPTION
Although certain embodiments and examples are disclosed below, mventive subject
matter extends beyond the specifically disclosed embodiments to other alternative
embodiments and/or uses and to modifications and equivalents thereof. Thus, the scope of
the application 1s not limited by any of the particular embodiments described below. For

example, in any method or process disclosed herein, the acts or operations of the method or
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process may be performed in any suitable sequence and are not necessarily bmited to any
particular disclosed sequence. Various operations may be described as multiple discrete
operations in turn, in a manner that may be helpful in understanding certain embodiments;
however, the order of description should not be construed to imply that these operations are
order dependent. Additionally, the structures, systems, and/or devices described herein may
be embodied as integrated components or as separate components. For purposes of
comparing various embodiments, certain aspects and advantages of these embodiments are
described. Not necessarily all such aspects or advantages are achieved by any particular
embodiment. Thus, for example, various embodiments may be carried out in a manner that
achieves or optimizes one advantage or group of advantages as taught herein without
necessarily achieving other aspects or advantages as may also be taught or suggested herein.

In the following detailed description, reference i1s made to the accompanying
drawings, which form a part of the present disclosure. The illustrative implementations
described in the detatled description, drawings, and claims are not meant to be limiting,
Other implementations may be utilized, and other changes may be made, without departing
from the spirit or scope of the subject matter presented here. It will be readily understood
that the aspects of the present disclosure, as generally described herein, and illustrated 1o the
Figures, can be arranged, substituted, combined, and designed in a wide variety of different
configurations, all of which are explicitly contemplated and form part of this disclosure.

The terminology used herein s for the purpose of describing particular
mmplementations only and 1 not intended to be limiting on the disclosure. Tt will be
understood that if a specific number of a claim element is intended, such intent will be
explicitly recited in the claim, and in the absence of such recitation, no such intent is present.

2% <<

For example, as used herein, the singular forms “a,” “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates otherwise. As used herein, the
term “and/or” includes any and all combinations of one or more of the associated listed
items. It will be further understood that the terms “comprises,” “comprising,” “includes,”
and “including,” when used n this specification, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but do not preclude the presence or

addition of one or more other features, integers, steps, operations, elements, components,

and/or groups thereof. Expressions such as “at least one of” when preceding a list of

G-



[6629]

[6630]

CA 03144633 2021-12-21

WO 2020/264034 PCT/US2020/039437

elements, modify the entire list of elements and do not modify the mdividual elements of the
list.

FIG. 1A illustrates an example thermal ablation system 100 (sometimes referred to
herein as an “applicator”), according to some embodiments. In various embodiments the
thermal ablation system 100 can be a micro-poration apparatus. The lustrated thermal
ablation system 100 imncludes a housing 125 that at least partially surrounds the various
components of the thermal ablation system 100. A portion of the housing 125 may be a body
portion 115 configured to be held in the hand of a user. The thermal ablation system 100
also can wmchuide a user interface. In various embodiments, the user interface can include a
display 105 that s positioned to display information to a user of the thermal ablation system
100, for example, a user that is holding the body portion 115 of the thermal ablation system
100 1n their hand. The thermal ablation system 100 also can include one or more controls
110 In various embodiments, the user interface can also include the one or more controls
110. In this embodiment, the one or more controls 110 are accessible to a user’s hand that is
holding the body portion 115 of thermal ablation system 100. A porator 120 is positioned on
one end of the thermal ablation systern 100, Various embodiments of a porator 120 may be
used in the thermal ablation system 100. The example porator 120 illustrated in FIG 1A
includes a filament array 104 that includes one or more filaments 200 that are operable to
delivering thermal energy via direct contact to a biological membrane to cause ablation of
some portion of the membrane deep enough to form a micropore.

FIG. 1B s a functional block diagram 102 idlustrating some of the components of an
applicator 100 that is configured for thermal ablation, for example, the thermal ablation
system f of FIG. TA, according to an exemplary embodiment. The functional block diagram
102 sllustrates an example of components that can be configured to implement and/or control
the various functionality described herein. Accordingly, for ease of reference, the functional
block diagram 102 may be referred herein as a control unit 102 of the applicator 100, For
example, the control umt 102 can control current provided to the porator 120, specifically to
the filament array 104, With respect to the description of FIG. 1B herem, some of the item
numbers refer to the aspects described above in connection with FIG. 1A In some
implementations, the control unit 102 does not include each of the components shown in
FIG. 1B, In some inplementations, the control unit 102 includes additional components not

~r
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shown in FIG. 1B for clarity of illustration.  Also, all of the components of the applicator are
not illustrated in the control unit 102 shown in FIG. 1B. For example, the control unit 102 13
configured to provide current to a filament array 104 (not shown in FIG. 1B) of the
apphicator 100.

The itustrated control unit 102 mncludes a processor 204 which controls operation of
the control unit 102, The processor 204 may also be referred to as a central processing unit
(CPU} or hardware processor or microprocessor unit (MPUY.  The control unit further
includes a memory unit 206, which may inchide both read-only memory (ROM) and random
access memory (RAM), may provide mstructions and/or data to the processor 204 and may
serve as a repository for storage of instructions and/or data from the processor 204, A
portion of the memory unit 206 may also include non-volatile random access memory
(NVRAM). The processor 204 typically performs logical and arithmetic operations based on
program instructions stored within the memory unit 206 or mstructions and/or data received.
The instructions in the memory unit 206 may be executable to implement the methods
described herein. Furthermore, the control unit 102 may utilize the memory unit 206 to store
information about other components 1n the thermal ablation system 100 to enable the use of
certain methods described below, for example, storing particular set points, threshold values,
nformation used to provide power to the porator, and/or operational characteristics for
components in the thermal ablation system 100, In some embodiments, the information used
1o provide power 1o the porator includes information that can be used to provide electrical
pulses to the porator to heat filaments of the porator, for exarmple, one or more processes to
provide power to the porator. The control unit 102 may then utilize the processor 204 in
connection with the memory unit 206 to analyze the stored data and determune and/or
dentify various sets, categories, characteristics, or otherwise, for one or more of the other
components in the thermal ablation system 100,

The processor 204 may comprise or be a component of a processing system
mplemented with one or more processors. The one or more processors may be implemented
with any combination of general-purpose microprocessors, microcontrollers, digital signal
processors {DSPs), field programmable gate array (FPGAs), programmable logic devices

(PLDs), controllers, state machines, gated logic, discrete hardware components, dedicated
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hardware finute state machines, or any other suitable entities that can perform calculations or
other manipulations of information.

The processing system may also include non-transitory machine-readable media for
storing software.  Software shall be construed broadly to mean any type of instructions,
whether referred to as software, firmware, nuddleware, microcode, hardware description
language, or otherwise. Instructions may include code (for example, in source code format,
binary code format, executable code format, or any other suitable format of code). The
mstructions, when executed by the one or more processors, cause the processing system to
perform the various functions described herein. The processor 204 may further comprise a
packet generator to generate packets for controtling operation and data communication.

The control unit 102 may include networking components, for example, a transmitter
210 and a receiver 212 to allow transmission and reception of data between the control unit
102 and a remote location. The transnutter 210 and the receiver 212 may be combined mnto a
transceiver or network mnterface 214. The network mmterface 214 {and/or the transmutter 210
and the recetver 212} may communicate via a communication link 216, which may comprise
a wireless or wired communication link. In some implementations, the commaunication link
216 may comprise a link to a mobile device or other user device used to monttor and/or track
usage of the control unit 102 and/or the thermal ablation system 100. The network interface
214 operates with the processor 204 to communicate over the communication fink 216

The control unit 102 15 at least partially surrounded by a housing 125 The housing
125 protects the components of the control unit 102 from the environment and provide a
packaging that is safe to handle and easy and convenient to use by a user.

The controf unit 102 also includes one or more energy storage devices 218, The
energy storage devices 218 may comprise a one or more batteries, capacttors, or similar
energy storage components. The energy storage devices 218 provides energy to the
components of the control unit 102 when the control unit 102 is in operation (for example,
operating 10 the thermal ablation system 100},

In some mnplementations, the control unit 102 includes one or more circuits or
sensors 224 configured to monitor an operation or a condition of one or more components of
the control unit 102. For example, the sensors 224 may detect a state of charge and/or a state

of health of the energy storage device(s) 218 Additionally, and/or alternatively, the sensors
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224 may detect conditions of one or more components of the control unit 102 mdicative of a
malfunction of the control unit 102, For example, the sensors 224 may detect when one or
more of the filaments has “blown” or is in an open circuit state or 15 deteriorating and
approaching an open circuit state. Alternatively, or additionally, the sensors 224 may detect
when too large or too small of a voltage or current 1s being conveyed to the filaments and/or
when a temperature of the filaments is above, below, or at a desired threshold. In some
implementations, the sensors 224 may be configured to monitor operation of the processor
204, Should the sensors 224 detect an overvoliage or over temperature condition or
determune that the processor 204 1s non-responsive, and then the sensors 224 may generate
an output. In some implementations, the output from the sensors 224 may be communicated
via the transmitter 210 or the network mnterface 214 over the communication link 216, In
some implementations, the output from the sensors 224 may be communicated internally to
another component of the control unit 102, for example the processor 204 or a user nterface
222 described further below.

In some implementations, when the control unit 102 1s mmittalized and/or when the
thermal ablation system 100 1s activated, the sensors 224 perform an mitial check to ensure
all connections are proper and that all cormponents of the thermal ablation system 100 are in
proper operating condition. Accordingly, the control unit 102 may perform an initial check
of the thermal ablation system 100 to determine if any malfunction exists. If no malfunction
1s detected n or by the control unit 102, then the control unit 102 begins providing a current
to the filaments. If a malfunction 15 detected, then the control unit 102 may be prevented
from providing a current to the filaments. Accordingly, the sensors 224 may function in or
act as a safety circuit and prevent operation of the thermal ablation system 100 in a
malfunction state.

In some embodiments, the sensors 224 and/or the processor 204 may monitor a
temperature of the conductive member. The processor 204 may further control the
temperature of the conductive member to prevent filament failure, wherein the filament
fatlure results in one or more filaments melting or failing into an open curcuit state. In some
embodiments, the temperature is determined based on the sensors 224 identifying a

resistance of the conductive member and wherein controlling the temperature to prevent the
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filament failure comprises controlling the temperature to prevent the filament failure while
the conductive mermber 1s in contact with at least one of the skin surface and au.

The control unit 102 also includes a current generator 220, The current generator 22
generates a current signal which 1s provided to the filaments, as described herein. In some
mplementations, the current signal can include one or more pulses. In some
implementations, the pulses are varied to have one or more durations {e.g., pertods of time),
amplitudes, etc., to control a temperature of the filaments and create pores in skin. In some
implementations, the current signal may be a pertodic pulse. In some implementations, the
current signal may have a constant amplitude, while n others the current signal can include
pulses of two or more different amplitudes. In some implementations, the current signal has
a constant frequency, while in other implementations the current signal includes sets of
pulses at two or more different frequencies. For example, the current generator 220 may
generate the current signal which s conveved, via the control unit 102, to the filament array
104 with different properties during different periods or time. During a first period of time,
the current signal may be generated with a first set of attributes. For example, as a single
pulse or as two or more pulses with the same or similar amplitude, and/or as a set of pulses
with a certain frequency. During a second period of time (e g., a subsequent period of time},
the current signal may be generated with a second set of attributes. For example, as one or
more pulses having an amplitude that s different than the amplitude of pulses generated
during the first period of time, and/or as one or more pulses having a different frequency as
the pulses generated during the first period of time.

In some umplementations, based on the conditions detected using the sensors 224 or a
command from the processor 204, the processor 204 allows or interrupts the generation and
conveyance of the current signal to the filaments. In some implementations, interrupting the
generation and conveyance of the current signal comprises terminating the current signal or
reducing the current signal

In some implementations, a pulse can have an associated voltage of between 1 and 42
VAC. For example, in various mmplementations a pulse can have an alternating current
voltage of 1,2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
26, 27. 28, 29. 30, 31, 32, 33, 34 35, 36, 37. 38, 39, 40, 41, or 42 VAC. In some

mplementations, the voltage can be greater than 42 VAC. In some implementations, the
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duration of a pulse can be 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, or 12 milliseconds. In some
implementations, the duration of a pulse can be greater than 12 ms. As the duration of the
pulse increases (for example, as it gets closer to 16ms} a patient may start to feel heat,
regardless of how low the current 1s. In some implementations, the pulse may have a length
or period that may be adjusted based on application requirements.

The control unit 102 further comprises a user interface 222, in some aspects. The
user interface 222 may comprise a keypad and/or a display. The user interface 222 allows
the user to control operation of the control unit 102 and/or the thermal ablation system 100,
The user miterface 222 may include any element or component that conveys information to
the user of the control unit 102 and/or receives input from the user.

The control unit 102 further comprises an input/output (O} circuit component 228,
In some implementations, the /O circuit 228 may comprise a component that permits
coupling of the control unut 102 to one or more other components in the thermal ablation
system 100, such as the filaments. In some embodiments, the /O circuit 228 includes a
connector (for example, a universal senal bus (USB) connector, a proprietary connector, or
any other connector) that physical connects the control unit 102 to the other component(s).
In some mmplementations, the /O cucuit 228 comprises a component that detects an
improper connection between the control unit 102 and/or the other component(s).

Various components of the control unit 102 may be coupled together by a bus svstem
226. The bus system 226 may include a data bus, for example, as well as a power bus, a
control signal bus, and a status signal bus in addition to the data bus. Those of skill in the art
will appreciate various components of the control unit 102 may be coupled together or accept
or provide inputs to each other using some other mechanism.

Although a number of separate components are tllustrated i FIG. 1B, those of skill in
the art will recognize that one or more of these components may be implemented not only
with respect to the functionality described above, but also to implement the functionahity
described above with respect to other components. For example, the processor 204 may be
used to implement not only the functionality described above with respect to the processor
204, but also to mmplement the functionality described above with respect to the current
generator 220 and/or the sensors 224, Each of the components illustrated in FIG. 1B may be
mplemented using a plurality of separate elements.

12
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In some embodiments, one or more components of the control unit 102 may provide
for locking of the control unit 102 such that the thermal ablation system 100 cannot be
abused or improperly used. Additionally, or alternatively, one or more components of the
control unit 102 may count uses of or doses provided by the thermal ablation system 100
and/or provide reminders regarding upcoming doses. In some embodiments, the network
mterface 214 may be used to communicate with a physician or pharmacy regarding refills of
the formulated pharmaceutical as needed or to change the dosage, etc. In some
embodiments, the user interface 222 may provide personalization of the thermal ablation
system 100 and provide voice prompts, guiding lights, etc., to simplify operation of the
thermal ablation system 100,

In the thermal ablation system 100 of FIG. 1A, the current signal generated by the
current generator 220 of the control unit 102 and applied to the filament array 104 causes the
filament array 104 to become heated and act as an energy/heat delivery medium.  The
filament array 104 provides sufficient amounts of energy/heat to the skin to ablate at least a
surface (1.e., the stratum corneum) of the skin.  In some embodiments, the amount of
energy/heat conveved to the skin by the filament array 104 15 varied by varying the current
that 1s delivered to the filament array 104 or by varving an amount of time that the filament
array 104 conveys energy to the skin. For example, the current generator 220 may vary the
amount of time that the filament array 104 conveys energy to the skin.  In some
embodiments, the amount of time may be varied by varying an amount of time that the
filament array 104 15 10 contact with skin and/or by varving a pulse length of the current
delivered to the filament array 104. For example, the current generator 220 may vary the
pulse lengths of the current signal. In order to perform skin ablation, the current applied to
the filament array 104 may cause the temperature of the filament array 104 to be above a
melting point of the stratum corneum and the epidermis but below the melting point of the
filament array 104, In some embodiments, a target temperature for ablation by the filament
array 104 may be approximately or substantially 123°C.

FIG. 2A 15 a perspective view of a filament 200 of the filament array 104 of the
thermal ablation system 100 of FIG. 1A, according to an exemplary embodiment. As shown,
the filament 200 has a three-dimensional shape and has a height 201, a length 203, and a

width 205, The filament 200 1s formed from or comprises a conductive matenal (for
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example, stainless steel, or another a metallic or simiarly conductive material}. In some
embodiments, the filament 200 may be a mucrofilament or sumilar filament. For example, the
filament 200 may be 50 pum wide, 15 um thick, and 400 um long. While the filament 200
shown has the shape of a generally rectangular block or prism, the filament 200 may have
any other shape, such as a trapezoidal shape. The shape of the filament can be also, but 13
not limited to, a serpentine strip, oval, circular or oval ring, have a varying width, or be “x”
shaped or star shaped. The shape of the cross-section 207 of the filament can be, but is not
limited to, square, rectangular, trapezoid, oval, crescent. Filaments can be planar (where X
and Y dimensions are in one plane, or sebstantially in one plane) or three dimensional (3D),
bent at some portion of the length between two anchor points on the end.

The filaments 200 may create pores in the skin by transferring sufficient energy from
the filament 200 to the skin to ablate the stratum corneum to expose the epidermis. The
amount of energy transferred from the filament 200 to the skin may be based on a
temperature difference between the skin and the filament 200, the material of the filament
200, properties of the skin {for example, skin type, morphology, elasticity, hydration, and
thermodynamic parameters of skin lavers), and also contact/pressure between the filaments
200 and the skin. In some embodiments, a vacuum may be used to mcrease contact between
the filaments 200 and the skin. For example, the porator comprising the filament array 104
may include holes or other structures that, when connected to a vacuum, cause the skin to be
“sucked” toward the holes or structures, increasing contact between the filaments 200 and the
skin. In some embodiments, a portion of the filaments 200 can be bent and protrude from a
plane that the filament array 1s generally aligned with, thus creating extra pressure points.

In some embodiments, the control unit 102 may determine whether a pressure applied
to the skin surface by the conductive member (e.g., the filament array 104} ts greater than or
equal to a first pressure threshold. For example, in some embodiments the control unit 102
can receive information from at least one sensor 224 and use the received information to
deternime whether a pressure applied to the skin surface by the conductive member is greater
or equal to a first pressure threshold. In some embodiments, the control umt 102 can use the
processor 204 information to determine whether a pressure applied to the skin surface by the

conductive member is greater or equal to a first pressure threshold, for example, by

-14-



[6652]

[0853]

[0054]

[0055]

CA 03144633 2021-12-21

WO 2020/264034 PCT/US2020/039437

comparing sensed pressure information against one or more pressure values {e.g., threshold
values) stored 10 memory.

FIG. 2B 1s a perspective view of the filament 200 of FIG. ZA, showing a cross-
sectional area 207 and a current flow direction 209, according to an exemplary embodiment.
As shown, the cross-sectional area 207 1s a trapezoid and the current flows through the
filament 200 in the current flow direction 209, The cross-sectional area 207 of the filament
200 may be any shape (for example, a square, a rectangle, a circle, an ellipse, a triangle,
another polygon, etc}). In various embodiments, the current flow may be in a direction
substantially normal to the cross-sectional area 207 of the filament 200. Based on the current
flowing through the filament 200 and the cross-sectional area 207, a current density/flux can
be determined, according to Equation 1 below:

Current Density = /A

(Equation 1)

Where:
& I — Current through the filament 200, and
& A — cross-sectional area of the filament 200

Based on the Equation 1, as the cross-sectional area of the filament 200 increases, the
corresponding current must be increased n order to maintain the current density.  As the
length of the filament 200 increases, the resistance of the filament 200 may correspondingly
increase, causing an increase in voltage and power for the increased mass of the filament
200,

The current density of the filament 200 may be used to wdentify an operational range
of the filament array 104 that creates viable pores without inflicting pain or damaging the
filament array 104, as will be described in further detail below. The depth of the pore
created 1n the skin 1s proportional to the energy delivered to the skin via the filaments 200,

In some embodiments, the control unut 102 (for example, via the processor 204)
determines a supply ratio of the current signal to the cross-sectional area of the filament 200,
The control unit 102 further controls the supply ratio to be between a first threshold value
and a second threshold value, the second threshold value being s greater than the first
threshold value. In some embodiments, the first and/or second threshold values are

predetermined and can be stored in memory {e.g., memory 206 of the control umt 120). In
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some embodiments, the first and/or second threshold values are dynamically dunng
operation, for example, using information from a sensor that senses a characteristic of a
filament or of skin {e.g., temperature}. In some embodiments, the first and/or second
threshold values are downloadable and stored in a memory of the system, for example,
memory 206 of the control unit 120).

FIG. 3A is a top view of a representative filament array 104 of the thermal ablation
system 100 of FIG. 1A comprising a plurality of the filaments 200 of FIG. 2, according to an
exemplary embodiment. The filament array 104 inclodes the plurality of filaments 200
disposed between conductive supporting members or structures 300, Though not shown 1n
FIG. 3A, the conductive supporting member 300 may be coupled to a power source.
Although FIG. 3A illustrates one embodiment of the configuration/design of the structure of
a filament array 104, such filament arrays are not hmited to this configuration/design.
Instead, other configurations/designs of filament arrays are also possible, as discussed herein.

In some embodiments, the conductive supporting members 300 are made of copper or
a similar conductive material. In some embodiments, the conductive supporting members
300 are the same material as the filaments 200, In some embodiments, the conductive
supporting members 300 are a different material from the fdlaments 200, As shown o FIG.
3B, the conductive supporting member 300a includes fingers or sinmular projections 301
between which the filaments 200a-200k are disposed, where 1 < k. Though not shown, a
corresponding conductive supporting member 300b may exist with fingers 301 interleaved
with the fingers 301 of the conductive supporting member 300a.

The conductive supporting members 300 provide structural support to the filaments
200 by holding the filaments 200 in place between the fingers of the conductive supporting
members 300, Additionally, and/or alternatively, the conductive supporting members 300
conductively couple the filaments 200 to the power source.

FIG. 3B is a schematic illustrating one example of the filament array 104 of FIG. 34,
according to an exemplary embodiment. FIG. 3B shows the conductive supporting member
300a with a bank (bank 1) of filaments 200 disposed between the conductive supporting
member 300a and a conductive supporting member 300b. Where there are n banks of
filaments 200, there is a number m of conductive supporting members 300 to support the n

banks of filaments 200, where 1 <n <m. As shown, the conductive supporting members
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300a-300m provide the conductive connections between each of the n banks of filaments 200
and the power source, indicated by the “+7 and “-” symbols on the conductive supporting
members 300a and 300m, respectively.

In some embodiments, using one or more components of the thermal ablation system
100 to control or vary an amount of time that the filaments 200 provide energy {e.g., thermal
energy) to the skin may be simpler and more etficient than controlling the amount of current
(e.g., the amplitude} provided through filaments 200. For example, such control of the
amount of time may utilize fewer components than a system that controls or varies the
amount of current delivered to the filaments 200. However, when controlling or varying the
amount of time that the filaments 200 provide energy to the skin, the control unit 102 may
prevent a slow rise in the temperature of the skin that can result in damage {e. g., burning or
drying} of the top layers of the skin, for example, the stratum corneum and/or the epidermis.
Damaging the top layver(s) of the skin may create a charcoaled/dried layer of dead tissue of
the skin. This layer of dead tissue may obstruct heat distribution from the filaments 200 into
deeper fayers of the skin {for example, the epidermis) and prevent the creation of viable
pores for delivery of the formulated active pharmaceutical. Additionally, damaging the skin
may trigger a nerve reaction i the skin that causes or is interpreted as pain. Accordingly, the
duration of providing energy to the filaments {e.g., n an electrical pulse} or the duration of
time during which the filaments 200 are in contact with the skin is preferably less than a time
that will cause such damage to the skin.

Additionally, providing a higher amount of current through the filaments allows the
filaments to reach a target temperature in a shorter period of time, as compared to providing a
relatively lower amount current through the filaments. Also, a higher amount of current
shortens the time needed to create a desired pore size, thus reducing or ehinunating the risk of
a nerve reaction to the heat from the filaments, and reducing or eliminating pain associated
with the ablation.

When the current generator 220 and the control unit 102 supply a large current to the
filament array 104 of the porator 120, the individual filaments 200 in the filament array 104
experience a rapid increase i temperature. The increase in temperature of the filaments 200

(and, correspondingly, the filament array} may shorten a time needed to create target pore
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size. Thus, the risk of the nerve reaction to the heat due to cooking and/or drying 1s reduced
or eliminated and the pain associated with the ablation may be reduced or eliminated.

[00363] As described above, the filaments 200 convey the energy/heat from the power source
to a surface, for example, the skin of a patient. Hach filament 200 has one or more properties
that may mmpact the energy/heat conveyance to the skin. For example, the filament 200 has
an electrical resistance that depends on the material used for the filament and the mechanical
shape of the filament. An amount of energy supplied to and by the filament 1s based on a
current applied to the filament 200 (1.e, based on the current generated by the current
generated 220), the electrical resistance of the filament 200, and the size of the filament. The
energy supplied to the filament can be calculated using Equations 2 and 3 below:

B=P*=* U= R =U"Re*t
(Equation 2}

{Equation 3)

Where:
e E — energy,
® P — power,
® t— time,
® I - current flowing through the filament 200,
® U — voltage on the end of the filament 200,
2 Rr— resistance of the filament 200,
® p — specific material resistivity of the filament 200,
® I - length of the filament 200,
s w — width of the filament 200, and
® h — height (thickness) of the filament 200.
[6064] An amount of energy supplhied to and by the filament array 104 1s based on a current

applied to the filament array 104 (i.e., based on the current generated by the current
generated 220} and the overall resistance of the filament array 104. The overall resistance of

the filament array 104 1s determined by averaging the filaments 200 of the filament array
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104. The energy supplied to and by the filament array 104 can be calculated using Equations
4 and 5 below:
E=PR R U R AU RS
{(Equation 4}
Ra= Re/Nin*Np)
{Equation 5)

Where:
s E - energy,
s P - power,
s t - time,
® I — current flowing through the filament array 104,
® U —voltage on filament array 104 contacts, and
® Ra — average resistance of the filament array 104 (depends on the bank

configuration and the array configuration).

[0865] FIG. 3C is a top view of the filament array 104 of FI(3. 3A experiencing one or more
filament fatlures 302 and 304, according to an exemplary embodiment. A filament failure
occurs when one or more of the filaments 200 of the filament array 104 are damaged and/or
destroyved such that the damaged or destroyed filament 200 is unable to conduct the
generated current from the current generator 220 to the skin. For example, if one of the
filamenits 200 1s cut, broken, or melted such that the filament 200 does not connect two
fingers 301 of the conductive supporting members 300, then that filament 200 15 broken,
blown, or otherwise failed. Accordingly, when in a failed state, the filament 200 effectively
acts as an open circuit between the fingers 301 of the conductive supporting members 300,
The filament fadures 302 and 304 correspond to mdividual failed filaments 200 that no
longer provide a conductive path between the respective fingers 301 of the conductive
supporting members 300 to which the fatled filaments 200 are coupled.

[6866] In some embodiments, the failure of one of the filaments 200 n the filament bank
between two fingers 301 may cause a cascading filament failure. For example, when a first

filament 200a m the filament bank 1 fails, the remaining filaments 200 in the filament bank 1
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experience an mcrease in power flow due to the lost path through the failed filament 200a.
This increased power flow through the remauung filaments 200 in the filament bank 1
increases a risk of one or more of the remaming filaments 200 fatling as well. While the
failure of just the filament 200a mayv not inttiate the cascading {avalanche) effect in the
remaining filaments 200 of the filament bank 1, if a sufficient number of filaments 200 in the
bank 1 fail (for example, about 5% of the filaments 200 in the bank 1), the cascading
filament failure may occur. Accordingly, eventually all the filaments 200 in the bank 1 will
fail, causing a complete cascade failure, or open failure. An amount of time that passes
between the inttial flament faitlures and the resulting complete cascade failure depends of the
amount of current/energy supplied to the filaments 200 that is not dissipated 1nto one of three
manners, described below.

In some embodiments, the filaments 200 are cooled, by which the energy supplied to
the filament 200 is dissipated. Three ways in which such dissipation occurs include: (1)
radiation of heat into atr, (2} conduction of the heat into the filament array 104 {for example,
the copper structure), and (3} conduction of the heat into the skin. Radiation of the heat from
the filament 200 mnto the air 15 a relatively small amount of heat loss compared to the heat
conduction mto the filament array 104 or into the skin.  Accordingly, the radiation heat loss
may generally be ignored.

The conduction of the heat (back) into the conductive supporting structure 300 s
relatively large because the conductive supporting structure 300 13 substantially metal, which
has high thermal conductivity.  An amount of heat loss due to conduction into the
conductive supporting structure 300 can be quantified using thermal laws of physics and
known material properties, and will not be described in detail herein.

As noted above, the conduction of heat to the skin depends on various properties of
the skin, mcluding at least one or more of skin type, morphology, elasticity, hydration, and
thermodynamic parameters of skin lavers, and also contact/pressure between the filament
array 104 and the skin. The relevant properties of the skin may change during poration, as
different lavers of skin may have different properties or characteristics that affect heat
conduction. For example, as the dry stratum comeum (having a lammar structure that has

varying consistency and thickness between different entities with skin} is ablated with the
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filament array 104, the epidermis 13 exposed, which is generally more hydrated and has
different properties than the dry stratum corneum,

As previously described, the electrical resistance (and thus temperature achieved) of
the filament 200 is proportionate to the size and/or shape of the filament 200 and the energy
{1.¢., the generated current from the current generator 220} delivered to the filament 200. To
accommodate various sizes, shapes, and energies, the relationships can be normalized using
the current density defined by Equation | above. Based on the current densities defined by
Equation 1, the operating constrainis that result in failure of the filaments 200, and operating
constraints that result in ablation of the stratum corneum, a range of deswable current
densities 1s defined. The defined range of current densities 1dentifies those current densities
that, if delivered to the filaments 200, create viable pores without inflicting pain or damaging
the filament array.

FIG. 4 15 a graph 400 showing current densities applied to the filament 200 of FIG.
1A, according to an exemplary embodiment. The graph 400 includes temperature (in Kelvin,
K, along the y-axis) as a function of time {in seconds, s, along the x-axis}. The graph 400
shows three lines. The line A (1.3 mA/un?) represents the minimum operating constraints
that result in ablation of the stratum corneum. Thus, current densities that fall below 1.3
mA/um? do not result in temperatures that cause ablation of the stratum corneuni. The line B
(3.56 mA/um?) represents the operating constraints that result in failure of the filaments 200
or cause pain when the filament array 104 with that current density 1s applied to the skin.
Thus, current densities that fall above 3.56 mA/um?® result in uncontrolled filament
temperatures and cause filament failures, complete cascade failure, and/or pain. The line
402, falling between lines A and B, represents an exemplary current density that is sufficient
to result in ablation of the stratum comeumn without causing filament fatlure or pain. Thus,
an area between the lines A and B represents current densities that will result in ablation
without damaging or destroying the filament array 104 or causing pain to or damaging the
skin.

In some embodiments, the control umit 102 of the thermal ablation system 100 1s
configured to control (for example, via the processor 204} the current generator 220 to
generate the current signal such that the current density at the filament 200 s greater than or
equal to a first current density (for example, the current density represented by the hine A).
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Additionally, the current signal may be generated such that the current density at the filament
200 1s less than or equal to a second current density {for example, the current density
represented by the line B). As described above, the current density of the line B 15 greater
than the current density of the hine A

FIG. 5 15 a table 500 showing pore creation performance results of the filament array
104 of FIG. 1A relative to current densities and pulse lengths of energy delivered to the
filament array 104, according to an exemplary embodiment. The columns of the table 500
show various pulse lengths {in milliseconds) that represent pulse lengths of the generated
current signal presented to the filament array 104, The rows of the table 500 show various
current densities {in mA/um?), that represent average current densities of filaments 200 in the
filament array 104. The body of the table 500 shows that particular combinations of current
density and pulse length generate particular performance resuits.

The performance results depicted in the table 500 show which combination of pulse
length and current density result in thermodynamic stability of the filament array 104 while
creating pores through the stratum corneum to the epidermis. The thermodynamic stability
was quantified by a consistent temperature on the filament arrays 104 as well as optimized
switching (<2 switches per 500us. Optinuzed switching refers to the process where control
unit (CPUY 204 modulates current delivered to the filament array 104, For example,
switching the current provided to the filament array on and off in a series of pulses. This
switching 18 done to keep the temperature of the filaments relatively constant, and to keep the
temperature from reaching a melting/blow/failure pownt, while heating the filament array to
be hot enocugh to desired effects. This can be done by using (e g, setting) appropriate pulse
parameters and comparing them to the readings from sensors 224, The performance results
depicted 1n the table 500 also show which combination of pulse length and current density
need energy regulation/compensation of the filament array 104 while creating pores through
the stratum corneum to the epidermis. For the performance results in the table 500, the
filaments 200 in the filarment array 104 were SO pm wide, 15 pm thick, and 400 pm long and
made of stainless steel.

As shown in table 500, the combination of pulse lengths between 0.5ms and 16ms
and current densities of 0.8ImA/um’® are safe in air without additional temperature
regulation. Similarly, the combination of pulse lengths between 0.5ms and 10ms and current
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densities of 1.33mA/upm” are safe in air without additional temperature regulation. However,
as discussed above, current densities below 1.5mA/pm? may be insufficient to create pores
through the stratum corneum to the epidermis. At the current densities below 1.5mA/pm?,
the heat from the filaments 200 is absorbed and dissipated in the skin faster than ablation
1o create the desired pores.

The combination of pulse lengths between 0.5ms and 2ms and current densities of
2.00mA/um’ creates pores through the stratum corneum to the epidermis without additional
temperature regulation {of the skin or the filament array 104) even i the air where heat
conduction 15 very low. Simiarly, the combination of pulse lengths between 0.5ms and 1ms
and current densities of 2.67mA/um’ creates pores through the stratum corneum to the
epidermis without additional temperature regulation {(of the skin or the filament array 104).

The combination of pulse lengths between 12ms and 16ms and a current density of
1.33mA/um? and the combination of pulse lengths of 4ms and a current density of 2.00
mA/pm’ requires some form of temperature control or compensation {i.e., temperature
regulation} in air but create pores without any additional temperature regulation on animal
skin,

The combination of pulse lengths between 0.5ms and 8ms at a current density of

% creates the pores in the stratum corneum while requiring, on animal skin,

3.23mA/um
additional temperature regulation and failing in the atr. The combination of pulse lengths
between 0.5ms and 16ms at a current density of 2.93mA/um’ also creates the pores in the
stratum corneum while requiring, on animal skin, additional temperature regulation and
failing in the air. The combination of pulse lengths between 2ms and 16ms at a current
density of 2.67mA/um? creates the pores in the stratum corneum with additional temperature
regulation on amimal skin but fails in the air. The combination of pulse lengths between 6ms
and 16ms at a current density of 2.00mA/um? ablates the stratum corneum on animal skin
with additional temperature regulation and fails in the air. The combination of pulse lengths
between 10ms and 16ms at a current density of 3.23mA/um? fails both with temperature
regulation on animal skin and in awr.

FIG. 6 1s a graph showing trans-epidermal water loss {(TEWL) as a function of energy

per filament of a filament array, according to an exemplary embodiment.
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FIG. 7 1s a graph showing a pulse profile showing a relationship of trans-epidermal
water loss (TEWL) (y-axis) to energy delivered via pulses to the filament array (x-axis) of
FIG. 1A, according to an exemplary embodiment. TEWL correlates to the drug delivery
(diffusion of the API into the skin). FIG. 7 illustrates that for the lower energies, it 1s better to
have a long uninterrupted pulse, rather than pulse with high current density which needs to
be modulated by the control unit {e.g., the CPU) to prevent blowing of filaments. For the
higher energy deliveries, a specific {e.g., optimal) current density can be used, or a current
density that s shightly higher or slightly lower than a determined optimal current density.

FIG. 8 15 a graph 800 showing filament temperature control of the filament array 104
of FIG. 1A as it relates to control of energy pulses delivered to the filament array 104,
according to an exemplary embodiment. The graph 800 shows filament temperature along,
the y-axis, as a function of time, along the x-axis. The graph 800 also shows current
amplitude along the v-axis as a function of the tume along the x-axis. The filament
temperatures for three filament arrays (lines 807, 808, and 809) of a different average width
are shown relative to the constant amplitude current signal (line 801) applied to the filament
array 104, The graph 800 also mcludes a maximum temperature 310 for the filaments 200
{(for example, a temperature at or above which the filaments 200 will fail).

As described herein, the filament array 104 may receive the generated current signal
(represented by the line 801) from the control unit 102, The generated current signal may be
recetved as a series or sequence of pulses. In some embodiments, during a first period 802,
the current signal is received having a constant amplitude, shown by the straight portion of
line 801 during the period 802, During the period 802, the current signal may not be
“pulsed” but rather remains “on” constantly. Also during the period 802, in response to the
current signal being “on”, the filament temperatures, represented by lines 807, 808, and 809,
mcrease relatively consistently.  As described above, this may be due to the current signal
passing through the filaments 200 and based on the resistance or resistivity of the material of
the filament 200. In some embodiments, the slope or rate of temperature increase shown 1s
dependent on the material of the filaments 200 in the filament array 104, As shown, as long
as the current signal 1s applied to the filament array 104, the temperatures of the filaments
200 of the filament array 104 increase. As shown, the filaments 200 whose temperatures are

represented by the lines 807, 808, and 809, may comprise different materials, which results
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m the different temperature values indicated by the lines 807, 808, and 809 in view of the
constant current signal. Same applies if the dimensions of filaments vary, thus resulting n
different resistance and heating rate.

In some embodiments, the period 802, during which the temperature of each of the
filaments 200 of the filament array 104 mcreases substantially consistently, corresponds to a
startup or warmup period. During the startup period, the filament array 104 prepares to
create pores in the skin by heating the filaments 200 in the filament array 104 to or
substantially to a desired temperature threshold at which pores will be created through the
stratum corneum. As noted above, the temperature at which the lines 807, 808, and 809 peak
15 less than the maximum temperature 810,  Accordingly, when the temperature of the
filaments 200 reaches the desired temperature threshold (for example, as determined by the
sensors 224 of the control unit 102), the control unit 102 may disable the current generator
220,

In some embodiments, during a second period 804, the current signal has a pulsed
waveform.  As shown in FIG. 8, the current signal alternates or pulses between being “on”
and “off”. Also during the period 804, n response to the current signal being the pulsed
waveform, the filament temperatures, represented by hines 807, 808, and 809, fluctuate
relative to the “on” or “off” state of the current signal line 801. As described above, this may
be due to the current signal passing through the filaments 200 and based on the resistance or
resistivity of the matenial of the filaments 200. In some embodiments, the slope or rate of
temperature fluctuation shown is dependent on the material of the filaments 200 in the
filament array 104. As shown, when the current signal is “on”, the temperatures of the
filaments 200 of the filament array 104 increase. When the current signal is “off”, the
termperatures of the filaments 200 decrease. The control of the current ON and OFF can be
done by a constantly programmed sequence, via sensors (direct, measuring teraperature or
resistance, or indirect, measuring energy and power dispersed into filaments

In some embodiments, the period 804, during which the temperature of each of the
filaments 200 of the filament array 104 fluctuates in response to the current signal,
corresponds to a maintenance period when the temperature of the filaments 200 is maintained
at or near a target temperature. Accordingly, when the temperature of the filamenis 200 falls

below a threshold temperature (for example, as determined by the sensors 224 of the control
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unit 102}, the control unit 102 may activate the current generator 220, The current generator
220 may be activated until the temperature of the filaments 200 reaches the desired
temperature threshold, at which point the current generator 220 is disabled, as described
above.  Accordingly, during the maintenance period 804, the filament array 104 1s
maintained at or near the temperature to create pores in the skin by penodically
heating/cooling the filaments 200 mn the filament array 104 to or substantially to the desired
temperature threshold. Thus, the activation/deactivation of the current generator 220 may be
repeated.

In some embodiments, during a third period 806, the current signal 15 turned “off”
and not received by the filament array 104. During the third period 806, the filaments 200
are allowed to cool off, as represented by the hines 807, 808, and 809 each dropping
gradually to a relatively constant level at the end of the third period 806, In some
embodiments, the third period 806 corresponds to a shutdown period where the temperature
of the filaments 200 1s allowed to cool down during a “cool-down” period of time. After the
cool-down period ancther pulse train may be generated to bring the filaments to a desired
termperature, this subsequent pulse train being the same or different as the previous one.

The control unit 102 may control the current generator 220 to generate the current
signal that results in the filament temperatures of the lines 807, 808, and 809 in the graph
800, Accordingly, the current generator 220 may generate the current signal {o increase the
temperature of the filament array 104 to the ablation temperature {e.g., the 123°C). The
current generator 220 may then generate the current signal in pulses to maintain the
temperature of the filament array 104 within a desired range and/or near the ablation
temperature.

FIG 9 15 a graph 900 showing current and voltage signals, hines 901 and 903,
respectively, controlling the energy delivered to the filament array 104 over time, according
to an exemplary embodiment. The graph 900 shows voltage and current along the y-axis as a
function of time along the x-axis. The line 901 represents the current applied to the filament
array 104 via the current signal. The line 903 represents the voltage of the filament array
104. The graph 900 also shows four phases or stages 902, 904, 906, and 908.

The line 901 shows that the current signal 1s applied in periodic pulses, with an nitial

pulse between approximately 100-700us and subsequent pulses between approximately 800-
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1200us, 1300-1700ps, 1800-2100ps, 2300-2600ps, 2700-2900us, 3000-3300us, 3400-
3600us, and 3700-3900us. Each of the pulses includes a ramp-up, a plateau, and a ramp-
down of the current signal. The line 903 shows that the voltage of the filament array 104
also pulses during the periodic pulses of the current signal. During the ramp-up and ramp-
down periods of the current signal, the voltage 1s seen as also ramping-up and ramping-down
at corresponding times. During the plateau perods of the current signal, the voltage 1s also
seen to plateau.

The first stage 902 corresponds to a warm-up stage, during which the nitial current
pulse causes the filament array 104 to mcrease m temperature, as shown by the mcrease
the voltage during the first stage 902. The second stage 904 corresponds to a slow-down
stage, during which the initial current pulse can be reduced in the amplitude to prevent fail
open {blowing) of {ilaments. The third stage 906 corresponds to a maintenance stage, during
which the subsequent pulses of the current signal (and the subsequent pulses of the voltage)
occur.  The third stage 906 may correspond to the maintenance stage during which the
current signal is pulsed to maintain the temperature of the filament array 104 to enable the
ablation. The pulses during the third stage 906 occur to ensure that the temperature of the
filament array 104 does not exceed a fatlure teroperature of the filaments 200 and does not
fall below a temperature where ablation does not occur.

The third stage 906 also includes two stages 908, The two stages 908 correspond to
temperature regulation periods. The current 901 and voltage 903 represent how the system
looks in the case of pre-programmed maintenance pulsing (switchuing). This 15 good if all
filaments {(and filament arrays) are made with the exact dimensions. If some of them vary,
due to manufacturing processes for example, this energy deliver can be too much or too little
resulting in temperature spiraling out of control or slow cooling and insufficient energy
delivery to create pores. Each switching form warm-up to slow-down to maintenance is
controlled by a feedback loop. Once the temperature (or energy) threshold is reached the
system goes 1nto next state. Line 905 represents an implementation where the sensors 224
determined that current (or energy) provided to the filament array should be paused to
prevent blowing of filaments and keeping the temperature constants. In other words, line 905
represents using a feedback loop that uses sensors 224 to control current provided to the
filament array. In this case it was twice during the entire pulse tramn used in this example
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The control unit 102 may control the current generator 220 to generate the cusrent
signal shown in the graph 900. For example, as described above mn relation to FIG. §, the
current generator may generate the current signal during the initial pulse and during the stage
902 to increase the temperature of the filament array 104 to or substantially to the ablation
temperature {e.g., the 123°C). The current generator 220 may then generate the current
signal in pulses to maintain the temperature of the filament array 104 within a desired range
and/or near the ablation temperature. These maintenance pulses may correspond to the
pulses shown during the stage 906. During stage 904, the current generator 220 may remain
off or reduce a current level of the 1mtial pulse. Currents during those stages may or may not
be the same amplitude.

In some embodiments, the control unit 102 of the thermal ablation system 100 is
configured to control (for example, via the processor 204} the current generator 220 to
generate the current signal having one or more pulses. The current generator 220 may be
configured to control the pulse length of the current signal to be greater than or equal to a
first pulse length {(1.e., 2 maintenance pulse length) and less than a second pulse length (i.e., a
warmup pulse length), the second pulse length being greater than the first pulse length.

In some embodiments, the control umit 102 of the thermal ablation system 100 1s
configured to control the supply current value to have a third current density (for example,
the current density in the warmup stage) at a first time {(during the warmup stage). The
control unit 102 of the thermal ablation system 100 1s configured to control the supply
current value to have a fourth current density (for example, the current density in the
maintenance stage) at a second time (during the maintenance stage}, the third and fourth
current densities being between or equal to the first current density {e.g., the line A cusrrent
density} and the second current density {e.g., the line B current density). The fourth current
density 1s less than the third current density, and the second time s later than the first time.

In some embodiments, the conirol unit 102, for example via the processor 204 and/or
the current generator 220, may control the current signal and the current densities during the
warmup and maintenance stages to enable ablation or poration of the stratum corneum to the
epidermis while minimizing or reducing a likelthood of failure of the filaments 200.

In some embodiments, the control unit 102, for example via the processor 204 and/or

the current generator 220, controls the pulse length of the current signal and a pulse period
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between consecutive pulses of the pulse signal together 1 combination to ablate or flash
vaporize the skin surface while minimizing a likelihood of filament fatlure by melting.

FIG. 10 15 a graph 1000 showing an operational temperature profile of the filament
array 104 of FIG. 1A, according to an exemplary embodiment. A line 1001 represents the
operational temperature profile shown, which generally tracks the temperature changes over
ttime shown by line 1003, The graph 1000 also includes three phases 1002, 1004, and 1006,

Line 1050 s the voltage on the filament array which corresponds to the on/off stages
of the current being switched on or off. Line 1051 is the calculated temperature. Phase 1002
is the warmup phase with highest current, 1004 slow-down with slightly lower current, thus
slower temperature rise. Note that line 1050 in the 1004 segment 15 higher than in 1002 even
though the current is lower. That is because the resistance of filament array 104 has risen due
to increased temperature. The sharp drop in line 1050 between segments 1002 and 1004
points to the moment in time (and certain temperature) when current was dropped and
voltage accordingly, but the temperature of filaments was relatively constant in that short
moment of time. Once desired temperature was reached, the system entering the maintenance
stage where we the voltage (line 1050) 13 constant {corresponds to constant temperate} and 13
switched (empty portions of the line).

FIG’s. 11A and 11B are graphs 1100 and 1150, respectively, showing temperature
curves of two different energy delivery profiles for the filament array of FIG. 1B, according
to an exemplary embodiment. The graph 1100 shows a low flux energy delivery profile.
The low flux energy delivery profile mmcludes a low current warming stage followed by a low
temperature threshold stage. The low flux energy delivery profile may involve a low current
through the filament array 104 that may result in pain due to longer pulses being used to
convey the energy to the skin.  Such longer pulses, even at lower currents, may result in
charcoaling of the skin and closed pores. Addutionally, the low flux energy delivery profile
may utilize low temperature thresholds that are easier to conirol but result in even longer
pulses because the same energy needs to be delivered in more chunks and lower quality (for
example, less deep) pores.

The graph 1150 shows a high flux energy delivery profile. The high flux energy
delivery profile includes a high current warming stage followed by a high temperature
threshold stage. The ligh flux energy delivery profile may nvolve a high current through
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the filament array 104 that may result m a runaway effect and leads to failure of the filament
array 104, However, the high flux energy delivery profile may be faster than the low flux
energy delivery profile and produce better pores (for example, deeper pores) than the low
flux energy delivery profile. Additionally, the high flux energy delivery profile may utilize
high temperature thresholds that increase a nisk of fatlure but result in shorter pulses and
better pore performance as compared to the low flux energy delivery profile.

[08101] While keeping the power/total energy within the constraints described above, the
delivery profile and pulse structure can also influence a quality and size of the pores. For
example, in the profile of FIG 114, switching 1s used to ensure filament safety and
temperature sinking. This switching may help the filaments cool shightly. If there 15 a state
having a fast heating {(warm-up period 1002) and high temperature threshold, with just a few
switching moments, optimum energy flux is bemng provided to preserve the safety of the
filaments and also to be on the fast side of the energy delivery to assure a more efficient
process including reduced or eliminated pain response and better energy efficiency.

[66102] Having a high energy flux during a warmup stage of the filament array 104 to rapidly
deliver the energy necessary to heat and ablate the stratum corneum and then lowering the
energy flux to maintain a balance with evaporation of the epidermus layer may be beneficial.
The lower energy flux can be achieved by modulated current levels of the current signal or
modulated duty cycles based on the current signal, or a combination of the two. In some
embodiments, a feedback system may, based on electrical measurements from, for example,
the sensors 224 of the control unit 102, calculate a resistance of the filaments 200, which is
proportional to the temperature of the filaments 200.

[08163] The feedback system may be implemented by one or more components of the control
unit 102, The feedback system operates in the following fashion: an nitial current (e.g., as
generated by the current generator 220) 15 high in the rapid heating phase and is eventually
reduced, triggered by the temperature of the filament reaching a set target, as determined by
one of the sensors 224, The high sutial current 1s followed by an intermediate phase that
eases the filaments 200 (slows down heating rate) to the final temperature. Finally, the
maintenance phase enables the current generator 220 and the control unit 102 to balance the
energy between current pumped into the filamenis 200 and energy used for epidermal

evaporation {creation} of pores. Current fluxes are varable i these phases and can be set on
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a pulse by pulse basis by the current generator 220, Usually, the current fluxes are highest at
the rapid heating phase and lowest during maintenance phase due to filament heating
dynamics. Levels depend on the number of filaments, electrical topography of the array, and
shape of the filaments 220 Triggering for pauses/changes in the current delivery can be by
time, temperature of the filaments, mmdividual or cumulative energy delivered, or combination
of those.

[00104] The embodiments described herein assume that the contact between filaments 200
and skin s providing adequate transfer of the heat and that the contact 1s uniform. One of the
ways to assure contact 15 to design & manufacture filaments 200 with a 3D structure that
protrude outward towards the skin. The 3D structure of the filaments can facilitate better
contact with the skin because the contact can occur with surfaces of the filaments 200 and
not an entire surface of the filament array 104, Additionally, or alternatively, a vacuum may
be introduced that pulls the skin into contact with or onto the filaments 200, as previously
described. The vacuum may provide good uniform contact between the skin and the
filaments 200. In some embodiments, for the porators with approximately 1 e¢m® contact
active area from the filaments 200, a minimuim vacuum needs to be about 5 mun Hg to create
viable pores based on the energv ranges described above and where the pulse would not be
too long nor endanger filaments 200 toward cascading failure.

[66105] In order to deliver consistent thermal ablation between a range of filament array
probe designs, energy delivery from the probe to skin s closely measured. Embodiments of
this invention aims to divectly control the temperature of the filament array at the surface of
the skin-probe contact sites, as well as dynamically regulate energy delivery.

[(81906] Those of skill will recognize that the various illustrative logical blocks, modules,
circutts, and algorithm steps described as follows, and in connection with the embodiments
disclosed herein may be implemented as electromic hardware, software stored on a computer
readable medium and executable by a hardware processor, or combinations of both. To
clearly illustrate this interchangeability of hardware and software, various illustrative
components, blocks, modules, circuits, and steps have been described above generally in
terms of their functionality. Whether such functionality is implemented as hardware or
software depends upon the particular application and design constraints imposed on the

overall systemn. Skilled artisans may implement the described functionality i varying ways
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for each particular application, but such mplementation decisions should not be interpreted
as causing a departure from the scope of the present invention.

[G3107] The various illustrative logical blocks, modules, and circuits described in connection
with the embodiments disclosed herein may be implemented or performed with a general
purpose processor, a digital signal processor {DSP), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware components, or any combination thereof
designed to perform the functions described herein. A general purpose processor may be a
microprocessor, but i the alternative, the processor may be any conventional processor,
controller, microcontroller, or state machine. A processor may also be implemented as a

g., a combination of a DSP and a microprocessor, a

=

combination of computing devices, e
plurality of microprocessors, one or more mICroprocessors in conjunction with a DSP core,
or any other such configuration.

[66108] The steps of a method or algorithm described in connection with the embodiments
disclosed herein may be embodied directly in hardware, in a software module executed by a
processor, or 1n a combination of the two. A software module may reside in RAM memory,
flash memory, ROM memory, EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage medium known in the art. An
exemplary storage medium is coupled to the processor such the processor reads information
from, and write information to, the storage medium. In the alternative, the storage medium
may be integral to the processor. The processor and the storage medium may reside in an
ASIC.

[38199] While the above detailed description has shown, described, and pointed out novel
features of the development as applied to various embodiments, it will be understood that
various omissions, substitutions, and changes n the form and details of the device or process
illustrated may be made by those skilled in the art without departing from the spirit of the
development. As will be recognized, the present development may be embodied within a
form that does not provide all of the features and benefits set forth heren, as some features
may be used or practiced separately from others. All changes which come within the

meaning and range of equivalency of the claims are to be embraced within their scope.
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[(0110] A person skilled i the art will recognize that each of these sub-systems may be inter-
connected and controllably connected using a variety of technigues and hardware and that
the present disclosure is not limited to any specific method of connection or connection
hardware.

[066111] The technology 13 operational with numerous other general purpose or special
purpose computing system environments or configurations. Examples of well-known
computing systems, environments, and/or configurations that may be suitable for use with
the invention include, but are not limited to, personal computers, server computers, hand-
held or laptop devices, multiprocessor systems, mucroprocessor-based systems, a
nmicrocontroller or microcontroller based system, programumable consumer electronics,
network PCs, minicomputers, mainframe computers, disiributed computing environments
that include any of the above systems or devices, and the like.

[68112] As used herein, instructions refer to computer-implemented steps for processing
information in the system. Instructions may be implemented in software, firmware or
hardware and include any type of programmed step undertaken by components of the system.

[66113] A microprocessor may be any conventional general purpose single- or mubti-chip
microprocessor such as a Pentiurmn® processor, a Pentium® Pro processor, a 8051 processor,
a MIPS® processor, a Power PC® processor, or an Alpha® processor. In addition, the
microprocessor may be any conventional special purpose microprocessor such as a digital
signal processor or a graphics processor. The nmucroprocessor typically has conventional
address lines, conventional data lines, and one or more conventional control lines.

[G0114] The system may be used in connection with various operating systems such as
Lingx®, UNIX®, MacOS® or Microsoft Windows®, or custom made designated 08,

[06115] The system control may be written in any conventional programming language such
as C, C++, BASIC, Pascal, NET (e.g., C#), or Java, and ran under a conventional operating
system. ', C++ BASIC, Pascal, Java, and FORTRAN are industry standard programming
languages for which many commercial compilers may be used to create executable code.
The system control may also be written using interpreted languages such as Perl, Python or
Ruby. Other languages may also be used such as PHP, JavaScript, and the like.

[60116] The foregoing description details certain embodiments of the systems, devices, and

methods disclosed heremn. It will be appreciated, however, that no matter how detailed the

-33.



CA 03144633 2021-12-21

WO 2020/264034 PCT/US2020/039437

foregoing appears in text, the systems, devices, and methods may be practiced in many ways.
As 1s also stated above, 1t should be noted that the use of particular terminology when
describing certain features or aspects of the invention should not be taken to imply that the
terminology 15 being re-defined herein to be restricted to including any specific
characteristics of the features or aspects of the technology with which that terminology 1s
associated.

[60117] It will be appreciated by those skilled in the art that various modifications and
changes may be made without departing from the scope of the described technology. Such
modifications and changes are intended to fall within the scope of the embodiments. Tt will
also be appreciated by those of skill in the art that parts included in one embodiment are
interchangeable with other embodiments; one or more parts from a depicted embodiment
may be included with other depicted embodiments in any combination. For example, any of
the various components described herein and/or depicted in the Figures may be combined,
mterchanged or excluded from other embodiments.

[(60118] With respect to the use of substantially any plural and/or singular terms herein, those
having skill in the art may transiate from the plural to the singular and/or from the singular to
the plural as is appropriate to the context and/or application. The various singular/plural
permutations may be expressly set forth herein for sake of clarity.

[66119] The term “comprising” as used herein 13 synonvmous with “including” “containing,”
or “characterized by,” and 15 inclusive or open-ended and does not exclude additional,
unrecited elements or method steps.

[66126] All numbers expressing quantities of ingredients, reaction conditions, and so forth
used in the specification and claims are to be understood as being modified in all instances
by the term “about.” Accordingly, unless mndicated to the contrary, the numerical parameters
set forth in the specification and attached claims are approximations that may vary depending
upon the desired properties sought to be obtained by the present invention. At the very least,
and not as an atterpt to limit the apphication of the doctrine of equivalents to the scope of the
claims, each numerical parameter should be construed in hight of the number of significant
digits and ordinary rounding approaches.

[66121] The above description discloses several methods and matenials of the present

development.  This development 15 susceptible to modifications in the methods and
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materials, as well as alterations in the fabrication methods and equipment  Such
modifications will become apparent to those skilled in the art from a consideration of this
disclosure or practice of the development disclosed herein. Consequently, it is not mtended
that this development be limited to the specific embodiments disclosed herein, but that it
cover all modifications and alternatives comung within the true scope and spuit of the
development as embodied 1o the attached claims.

[08122] As will be understood by those of skill in the art, in some embodiments, the processes
set forth in the following matenial may be performed on a computer network. The computer
network having a central server, the central server having a processor, data storage, such as
databases and memories, and conununications features to allow wired or wireless
communication with various parts of the networks, including terminals and any other desired

network access point of means.
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WHAT IS CLAIMED IS:

1. An apparatus for delivering thermal energy to a biological membrane to cause the
ablation of some portion of the membrane deep enough to cause a micropore, the apparatus
COMprising:

a porator comprising an array of conductive filaments, wherein the porator is
configured to generate thermal energy based on a current flowing through the array of
conductive filaments, and provide the thermal energy to a biological membrane
posttioned adjacent to the porator; and

a power supply circuit configured to provide the current to the porator in a

plurality of pulses.

2. The apparatus of claim 1, wherein the power supply circuit comprises a control
circuit coupled to the power supply, the control circuit configured to conirol one or more

parameters of the plurality of pulses.

3. The apparatus of claim 2, wherein the control circuit controls the one or more

parameters to implement a porator thermal warmup process.

4. The apparatus of claim 3, wherein the conirol circuit controls the one or more

parameters to implement a porator thermal slow-down process.

5. The apparatus of claim 3, wherein the control circuit controls the one or more

parameters to implement a porator thermal and maintenance process.

6. The apparatus of claim 2, wherein the one or more parameters includes a current

value representative of an amplitude of the current of at least one of the pulses.

7. The apparatus of claim 2, wherein the one or more parameters includes a

frequency value representative of a frequency of at least a portion of the plurality of pulses.

8. The apparatus of claim 2, wherein the one or more parameters includes a pulse

width value representative of a pulse width of at least one of the plurality of pulses.
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9. The apparatus of claim 2, the control circuit controls current values of the
plurality of pulses so that control current values are be greater than or equal to a first current
density and less than or equal to a second current density, the second current density being

greater than the first current density.

10. The apparatus of claim 9, the control curcuit controls a current value to have a
third current density at a first time and a fourth current density at a second time, the third and
fourth current densities being between or equal to the first and second current densities, the
fourth current density being less than the thud current density, and the second time being

{ater than the first time.

~5

11. The apparatus of claim 2, the control circuit controls a pulse length of the
plurality of pulses to be greater than or equal to a first pulse length and less than 3 second
pulse length, the second pulse length being greater than the furst pulse length,

12. The apparatus of claim 2, wherem the control circuit 15 further configured to
control the supply current value to flash vaporize a portion of the membrane while

minimizing likelihood of filament fatlure by melting.

13. The apparatus of any one of claims 2-12, wherein the control circuit 15 further
configured to determune a supply ratio of current to a cross-sectional area of the array of
conductive filaments, and control the supply ratio between a first threshold and a second

threshold that s greater than the first threshold.

14. The apparatus of any one of claims 2-11, wherem the control circust is further
configured to cootrol pulse length and a pulse period between consecutive pulses of the
plurality of pulses together in combination to flash vaporize a portion of the membrane while

minimuzing likelihood of filament fatlure by melting.

15. The apparatus of any one of claims 1-11, wherein the power supply circuit is
further configured to:

monitor a temperature of the array of conductive filaments, and
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control the temperature of the array of conductive filaments to prevent a

filament failure from melting or fatling mto an open circuit state.

16. The apparatus of claim 15, wherein the power supply is further configured to
monitor a temperature of the array of conductive filaments at least i part based on a

resistance of the array of conductive filaments.

17. The apparatus of claim 15, wherein the power supply circuit 13 further configured
to monitor a temperature of the array of conductive filaments based at least in part on

received sensed temperature information.

18. The apparatus of claim 17, further comprising at least one sensor configured to

provide temperature information to the power supply circuit.

19. The microporation apparatus of any one of claims 1 to 12, wherein the power
supply circuit is further configured to determine whether a pressure applied to the membrane

surface by the conductive member 1s greater than or equal to a first pressure threshold.

20. The microporation apparatus of any one of claims 11, wherein the second pulse
length corresponds to a maximum pulse length below which a user of the microporation

apparatus experiences painless microporation.

21. A method for delivering thermal energy to a biological membrane to cause an
ablation of some portion of the membrane deep enough to cause a micropore, the method
comprising applying the apparatus of any one of claims 1 to 20 to the membrane, and
controlling the electrical pulses provided to the array of conducting filaments to heat the
array of conducting filaments to cause the ablation of some portion of the membrane deep

enough to create at least one micropore.

22. Use of an apparatus according to any one of claims 1 to 20 for dehvering
thermal energy to a biological membrane to cause an ablation of some portion to a membrane

deep enough to cause a micropore, and controlling the electrical pulses provided to the array

-38-



CA 03144633 2021-12-21

WO 2020/264034 PCT/US2020/039437

of conducting filaments to heat the array of conducting filaments to cause the ablation of

some portion of the membrane deep enough to create at least one micropore.
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