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(57) Abstract: Embodiments of negative pressure wound
therapy systems and methods for operating the systems are
disclosed. In some embodiments, a system includes a pump
assembly, canister, and a wound dressing configured to be po-
sitioned over a wound. The pump assembly, canister, and
wound dressing can be fluidically connected to facilitate de-
livery of negative pressure to the wound. The system can be
configured to deliver negative pressure based at least on a.
sensed pressured in a fluid flow path connecting a pump of
the pump assembly and the wound dressing. The sensed pres-
sure can be sampled, in some embodiments, synchronous with
operation of the pump and can be used for controlling the
pump. Increased efficiency, diminished noise and vibration
caused by operation of the pump, reduced in energy usage,
and better comfort for the patient can be attained.
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SYSTEMS AND METHODS FOR APPLYING REDUCED PRESSURE THERAPY

BACKGROUND
Field
{38011 Embodiments of the present disclosure relate to methods and apparatuses
for dressing and treating a wound with reduced pressure therapy or topical negative pressure
{TNP) therapy. In particular, but without limitation, embodiments disclosed herein relate 0
negative pressure therapy deviees, methods for controlling the operation of TNP systems,

and methods of using TNP gystems,

Descrintion of the Related Art

10062] Many different types of wound dressings are known for aiding in the

healing process of a human or animal. These different types of wound dressings include

e

fayer wound dressings. Topical negative pressure (TNP) therapy, sometimes referred to as
vacuum assisted closure, negative pressure wound therapy, or reduced pressure wound
therapy, is widely recognized as a beneficial mechanism for improving the healing rate of 2
wound. Such therapy is applicable to a broad range of wounds such as incisional wounds,
open wounds and abdominal wounds or the tike,

160831 TNP therapy assists in the closure and healing of wounds by reducing
tissne oedema, encouraging blood flow, stimulating the formation of granulation tissue,
removing excess exudates and may reduce bacterial load and, thus, infection to the wound.
Furthermore, TMNE therapy permits less outside disturbance of the wound and promotes more

rapid healing.

SUMMARY
138041 In some embodiments, an apparatus for applying negative pressurg
therapy to a wound includes a housing, a pressure sensor, and a controller. The housing can
include a source of negative pressure in fluidic conmmunication with a wound dressing. The
source of negative pressure can include a motor configured to operate one or more valves to

open and close to aspirate fluid from the wound. The pressure Senser ¢an measure pressure

-
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in a fluid flow path that fluidically connects the wound dressing and the source of negative
pressure. The controller can operate the source of negative pressure (for example, the motor)
using a drive signal. In addition, the controlier can receive measurements of pressure in the
fluid flow path from the pressure sensor, cause sampling or sample the measurements
synchronous with opening and/or closing of at least one valve of the one or more valves,
determing an cstimated pressure level in the floid flow path based at least on the sampled
measurcments, and generate the drive signal basced at loast on the estimated pressure fevel,

{8051 In some cmbodiments, an apparatus for applying negative pressure
therapy to a wound includes a housing, a pressure sensor, and a controller. The housing can
include a source of negative pressure configured to be in fluidic communication with a
wound dressing.  The source of negative pressure can include at least one valve. The
pressure sensor can measure pressure in a flind flow path configured to fluidically connect
the wound dressing and the source of negative pressare. The controller can operate the
source of negative pressure using a drive signal. In addition, the controller can determine a
pressure measuremoent based on the pressure measured by the prossure sensor and generate
the drive signal based at least on the determined pressure. The controller can perform the
pressure measurement determination synchronous with operation of the source of negative
Prossure.

HERIDY The apparatus of the preceding paragraph can include oue or more of the
following festures: The controller can determine the pressure synchronous with opening
and/or closing of the at least one valve. The pressure measured by the pressure sensor can
include one or more components due to a pressure transient generated by the opening and/or
closing of the at least one valve, and the one or more of the components can be substantially
excluded from the determination of the pressure measurcmaent. The pressure transient can be
periodically gencrated by the at least one valve. The controller can determine the pressure
measurement synchronous with the opening and/or closing of the at least one valve by
sampling the measurements at a frequency that exceeds the frequency with which the at least
one valve opens and/or closes. The sample frequency can be proportional to the frequency
with which the at least one valve opens and/or closes. The controller can determine the
pressure measurement synchronous with operation of the source of negative pressure based

on one or more of the measurements obtained at times when the at least one valve may be in
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a first position and not based on one or more of the measurements obtained at times when the
at least one valve may be in a second position. The source of negative pressure can include a
vacuum pump having a motor, and the controller can determing the pressure measurement
synchronous with the operation of the source of negative pressure based at least on a speed of
the motor. The apparatus can further inchade a tachometer configured to measure the speed
of the motor and gonerate a sigoal indicative of the measured speed of the motor, and the
controller can determine the pressure measurement synchronous with the operation of the
source of negative pressure bascd on the signal received from the tachometer. The controller
can determine the pressure measurgment synchronous with the operation of the source of
negative pressure in response o a rising odge of the speed signal and in respounse to a falling
cdge of the speed signal.  The controller can detcrmine the pressurc mcasurcment
synchronous with the operation of the source of negative pressure based on a signal received
from the source of negative pressure. The at least one valve can include an inlet valve and an
outlet valve. The controller can determine the pressure measurcment synchronous with the
operation of the scurce of negative pressure by applying a low-pass filter a plurality of
measurements obtained from the pressure sensor. The controller can determine the pressure
measarement asynchronous with the operation of the source of negative pressure in response
to determining that an activity of the source of negative pressure falls helow an activity
threshold. The controller can contral the source of negative pressure using pulse-width
rodulation (PWM) and generate the drive signal using a proportional-integral-derivative
(PID} calculation bhased at least on a difference between a pressure setpoint and the
determined pressure. The controler can generate the drive signal to have a 8% duty cyele in
response to determining that the detormined pressure exceeds a fisst threshold.  The
controller can generate the drive signal to have a 100% duty cycle in response to determining
that a proportional term of the PID calculation exceeds a first threshold. The countroller can
generate the drive signal to have a 180% duty cycle in response to determining that a sum of
a proporticnal term of the PID caleulation and an integral term of the PID caleulation
exceeds a first threshold. The controller can set an integral term of the PID calculation to he
0 and an accumulated error of the PID calculation to be § in response to determining that the
accumulated error is less than 0. The controller can set an accumulated error of the PID

calculation to be greater than a sum of the accunnated error and the difference in response
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to determining that the difference is negative. The controlier can determine the pressure
measurement by sampling the pressure measured by the pressure sensor,
{3807 A method of operating the apparatus of any of the preceding three

paragraphs can be performed.

BRIEF DESCRIPTION OF THE DRAWINGS
{4808} Embodiments of the present disclosure will now be deseribed hereinafter,
by way of example only, with reference to the accompanying drawings in which:
{6669] Figure 1 illustrates a reduced pressure wound therapy system according to

some embodiments.

(0010} Figures 2A-2C illustrate a punp assembly and canister according to some
embodiments.
(6811} Figure 3 illustrates an electrical cornponent schematic of a purmp assembly

according to some embodiments.

10612] Figure 4 {Hustrates an electrical component schematic of components of a
purmp control processor according to some embodiments.

{00134 Figure 5 illustrates a process of providing negative pressure wound

therapy according to some embodiments.

{6814 Figure 6 iHustrates pressure pulses according to some embodiments,
j0815] Figure 7 illustrates a process of providing negative pressure wound

therapy according to some embodiments.

j(816] Figure & illustrates a process for determining a duty cvele for a control
signal for a source of negative pressure according to some embodiments.

{38171 Figures 9A-9B and 10A-10B iliustrate plots of operating pressure for

simulated reduced pressure wound therapy systems according to some ernbodiments,

DETAILED DESCRIPTION OF 5OME EMBODIMENTS
Qverview
10018 Embodiments disclosed herein relate to systoms and mcthods of treating a
wound with reduced pressure. As is used herein, reduced or negative pressure levels, such as

—X mmHg, represent pressurce levels relative to normal ambicnt atmospheric pressure, which

A



CA 02972691 2017-06-28

WO 2016/109041 PCT/US2015/061165

gan correspond to 760 mmHMg {or I atm, 2993 inHg, 101.325 kPa, 14.696 psi, etc.).
Accordingly, a negative pressure value of =X mmHg reflects absolute pressure that s X
mmHyg below 760 mmHg or, in other words, an absclute pressure of {(760-X) mmHg., In
addition, negative pressure that is “less” or “smaller” than X mmHg corresponds to pressure
that is closer to atmospheric pressure (e.g., —40 mmHg is less than 60 mmHg)., Negative
pressure that 18 “more” or “greater” than —X momHg corresponds to pressure that is further
from atmospheric pressure {¢.g., —&0 mmbg is more than —60 mmHg) In some
cmbodiments, local ambient atmospheric pressure is used as a reforenee point, and such local
atmospheric pressure may not necessarily be, for example, 760 mmbhg,

0019 Embodiments of the present disclosure arc generally applicable to use in
opical negative pressure (TNP} or reduced pressure therapy systems.  Briefly, negative
pressure wound therapy assists in the closure and healing of many forms of “hard to heal”
wounds by reducing tissue oedema, encouraging blood flow and granvlar tissue formation,
and/or removing excess exudate and can reduce bacterial load (and thus infection risk). In
addition, the therapy allows for less disturbance of a wound leading to more rapid healing.
TNP therapy systems can also assist in the healing of surgically closed wounds by removing
fluid,  In some emboditnents, TNP therapy helps to stabilize the tissuc in the apposed
position of closure. A further beneficial use of TNF therapy can be found in grafts and flaps
where removal of excess fluid is important and close proximity of the graft to tissue is

required in order to ensure tissoe viability.

Negative Pressure System

10620] Figure 1 illustrates an embodiment of a negative or reduced pressure
wound treatment {or TNP} system 100 comprising a wound filler 130 placed ingide a wound
cavity 110, the wound cavity scaled by a wound cover 120, The wound filler 130 in
combination with the wound cover 128 can be referred to as wound dressing. A single or
multi umen tobe or conduoit 140 is connected the wound cover 120 with a pump assembly
150 configured to supply reduced pressurc. The wound cover 120 can be in fluidic
communication with the wound cavity 110, In any of the system embodiments disclosed
herein, as in the embodiment iHustrated in Figure 1, the pump assembly can be a canisterless

pump assembly (meaning that exudate is collected in the wound dressing or is transferred via
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fube 140 for collection to another location). However, any of the pump assembly
embodiments  disclosed herein can be configured to include or support a canister.
Additionally, in any of the system cmbodiments disclosed herein, any of the pump assembly
embodiments can be mounted to or supported by the dressing, or adjacent to the dressing.
The wound filler 130 can be any suitable type, such as hydrophilic or hyvdrophobic foam,
gauze, intlatable bag, and so on. The wound filier 130 can be conformable o the wound
cavity 110 such that it substantially fills the cavity., The wound cover 120 can provide a
substantially fluid impermeable seal over the wound cavity 110, The wound cover 120 can
have a top side and a bottom side, and the bottom side adhesively (or in any other suitable
mannet) scals with wound cavity 110, The conduit 148 or huroen or any other conduit or
fumen disclosed hercin can be formed from polyurcthane, PVC, nvion, polvethyiene,
silicone, or any other suitable material,

(6621 Some embodiments of the wound cover 120 can have a port {not shown}
configured to receive an end of the conduit 140, In other embodiments, the conduit 140 can
otherwise pass through and/or under the wound cover 120 to supply reduced pressure to the
wound cavity 10 <o as to maintain a desived level of reduced pressure in the wound cavity.
The conduit 140 can be any suitable article configured to provide at least a substantially
sealed fluid flow pathway between the pump assembly 150 and the wound cover 120, so as
io supply the reduced pressure provided by the pump assembly 150 to wound cavity 110,

16022} The wound cover 120 and the wound filler 130 can be provided as a single
article or an integrated single unit. In some embodiments, no wound filler is provided and
the wound cover by #tself may be considered the wound dressing. The wound dressing may
then be connected, via the conduit 140, to a source of negative pressure, such as the pump
assembly 150, The pumnp assembly 150 can be miniaturized and portable, although larger
conventional pumps can also be used.

[(823] The wound cover 120 can be located over a2 wound sife to be treated. The
wound cover 120 can form a substantially sealed cavity or enclosure over the wound site. In
some embodiments, the wound cover 120 can be configured to have a film having a high
water vapour permeability to enable the evaporation of swrplus fluid, and can have a
superabsorbing matertal contained therein to safely absorb wound exudate. B will be

appreciated that throughout this specification reference is made to a wound, In this sense it

by
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is to be understood that the termy wound is to be broadly construed and encompasses open
and closed wounds in which skin 18 torn, cut or punctured or where trauma causes a
gontusion, or any other surficial or other conditions or imperfoctions on the skin of a patient
or stherwise that benefit from reduced pressure freatment. A wound is thus broadly defined
as any damaged region of tissue where fluid may or may not be produced. Examples of such
wounds inchide, but are not limied to, acute wounds, chronie wounds, surgical incisions and
other ncisions, subacute and dehisced wounds, traumatic wounds, flaps and skin grafts,
facerations, abrasions, contusions, burns, diabetic ulcers, pressure ulcers, stoma, surgical
wounds, frauma and venous ulcers or the like, The components of the TNP system deseribed
herein can be particularly suited for incisional wounds that exude a small amount of wound
cxudate.

10624] Some embodiments of the system are designed fo operate without the use
of an exudate canister.  Some embodiments can be configured 1o support an exudate
canister. In some emboduments, configuring the pump assembly 1530 and conduit 140 so that
the conduit 140 can be quickly and easily removed from the pump assembly 150 can
facilitate or improve the process of dressing or pump changes, if necessary. Any of the pump
embodiments disclosed herein can be configured to have any suitable connection between the
tubing and the pump.

{6025} In some embodiments, the pump assembly 150 can be configured to
dehiver negative pressure of approximately -80 mmHg, or between about -20 mmHg and -200
mmig. Note that these pressures are relative to normal ambient atmospheric pressure thus,
<2080 mmHg would be about 360 mmHg in practical terms.  The pressure ravge can be
between about -40 mmiHg and -150 mmHg,  Alernatively a pressure range of up to -753
mumHg, up to -80 mmHg or over -80 mmHg can be used. Also a pressure range of below -75
mmHg can be used. Alternatively a pressure range of over approximately -100 mmHg, or
even 150 mmHg, can be supplied by the pump assembly 150,

[0026] In some embodiments, the purap assembly 150 s configured to provide
contintons or intermittent negative pressure therapy. Continuous therapy can be delivered at
above -25 mmHg, -25 mmHg, ~40 mmHg, -50 mmHg, -60 mmHg, -70 mmHg, -&0 mmHg,
~90 mmHg, -100 mmHg, -120 momHg, -140 muoHg, -160 mmHg, -180 mmHg, -200 ramHg,

or below -200 mmHg. Intermittent therapy can be delivered between low and high negative

-3



pressure setpoints. Low setpoint can be set at above 0 mmHg, 0 mmHg, -25 mmHg, -40
mmHg, -50 mmHg, -60 mmHg, -70 mmHg, -80 mmHg, -90 mmHg, -100 mmHg, -120
mmHg, -140 mmHg, -160 mmHg, -180 mmHg, or below -180 mmHg. High setpoint can
be set at above -25 mmHg, -40 mmHg, -50 mmHg, -60 mmHg, -70 mmHg, -80 mmHg, -90
mmHg, -100 mmHg, -120 mmHg, -140 mmHg, -160 mmHg, -180 mmHg, -200 mmHg, or
below -200 mmHg. During intermittent therapy, negative pressure at low setpoint can be
delivered for a first time duration, and upon expiration of the first time duration, negative
pressure at high setpoint can be delivered for a second time duration. Upon expiration of
the second time duration, negative pressure at low setpoint can be delivered. The first and
second time durations can be same or different values. The first and second durations can
be selected from the following range: less than 2 minutes, 2 minutes, 3 minutes, 4 minutes,
6 minutes, 8 minutes, 10 minutes, or greater than 10 minutes. In some embodiments,
switching between low and high setpoints and vice versa can be performed according to a
step waveform, square waveform, sinusoidal waveform, and the like.

[0027] In operation, the wound filler 130 is inserted into the wound cavity 110
and wound cover 120 is placed so as to seal the wound cavity 110. The pump assembly
150 provides a source of a negative pressure to the wound cover 120, which is transmitted
to the wound cavity 110 via the wound filler 130. Fluid (e.g., wound exudate) is drawn
through the conduit 140, and can be stored in a canister. In some embodiments, fluid is
absorbed by the wound filler 130 or one or more absorbent layers (not shown).

[0028] Wound dressings that may be utilized with the pump assembly and other
embodiments of the present application include Renasys-F, Renasys-G, Renasys AB, and
Pico Dressings available from Smith & Nephew. Further description of such wound
dressings and other components of a negative pressure wound therapy system that may be
used with the pump assembly and other embodiments of the present application are found
in U.S. Patent Publication Nos. 2011/0213287, 2011/0282309, 2012/0116334,
2012/0136325, and 2013/0110058. In other embodiments, other suitable wound dressings

can be utilized.

Date Regue/Date Received 2022-02-16
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Pump Assembly and Canister

[0029] Figure 2A illustrates a front view 2004 of a pump assembly 230, such as
the pump assembly 150, and canister 220 according to some embodiments, As is illustrated,
the pump assembly 230 and the canister 220 are connected, thereby forming a device. The
pump assembly 230 comprises one or more indicators, such as visual indicator 202
configured to indicate alarms and visual indicator 204 configured to indicate status of the
TP system. The indicators 202 and 204 can be configured to alert a user, such as patient or
medical care provider, to a variety of operating and/or fatlure conditions of the systern,
including alerting the user to normal or proper operating conditions, pump failure, power
supplied to the pump or power failure, detection of a leak within the wound cover or flow
pathway, suction blockage, or any other similar or suitable conditions or combinations
thereof. The pump assembly 230 can comprise additional indicators. The pump assembly
can use a single indicator or multiple indicators. Any suitable indicator can be used such as
visual, audio, tactile indicator, and so on. The indicator 202 can be configured to signal
alarm conditions, such as canister full, power low, conduit 149 disconnected, secal broken in
the wound seal 120, and so on. The indicator 202 can be configured to display red flashing
fight to draw a user’s attention. The indicator 204 can be configured to signal status of the
TINF gystem, such as therapy delivery is ok, leak detected, and so on. The indicator 204 can
be configured to display one or more different colors of light, such as green, yellow, ete, For
example, green light can be emitied when the TNP system is operating properly and vellow
iight can be emitted to indicate a warning.

13838 The pump assembly 238 comprises a display or screen 206 mounted in a
recess 208 formed in a case of the pump assembly. The display 206 can be a touch screen
display.,  The display 206 can support playback of audiovisual {(AV) content, such as
instructional videos. As cxplained below, the display 206 can be configurcd to render 2
number of screens or graphical user interfaces (GUIs) for configuring, controlling, and
monitoring the operation of the TNP system. The pump assembly 2380 compriscs a gripping
portion 210 formed in the casc of the pump assembly. The gripping portion 218 can be
configured to assist the user to hold the pumyp assembly 230, such as dwring removal of the
canister 228, The canister 220 can be replaced with another cawmister, such as when the

canisier 220 has been filled with fuid.
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(0631} The pump assembly 230 comprises one or more kevs or butfons 212
configured to sllow the user to operate and monitor the aperation of the TINP gsysiom. As is
ithustrated, there buttons 212a, 212b, and 212¢ are included. Button 212a can be configured
as a power button to frrm on/off the pump assembly 230, Buiton 212b can be configured as a
play/pause button for the delivery of negative pressure therapy, For example, pressing the
button 212b can cause therapy to start, and pressing the button 212b afterward can cause
therapy to pause or end. Button 212¢ can be configured to lock the display 206 and/or the
buftons 212, For imstance, button 2Z12¢ can be pressed so that the uscr docs not
urintentionally alter the delivery of the therapy. Button 212¢ can be depressed to unlock the
controls,  In other embodiments, additional buttons can be used or one or more of the
illustrated buttons 212a, 212b, or 212¢ can be omitted. Multiple key presses and/or
sequences of key presses can be used to operate the pump assembly 230,

[8032] The pump assembly 230 inclades one or more latch recesses 222 formed
in the cover. In the illustrated embodiment, two latch recesses 222 can be formed on the
sides of the pump assembly 2380, The lach recesses 222 can be configured to allow
attachment and detachment of the canister 220 using one or more canister latches 221, The
pump assembly 230 comprises an air outlet 224 for allowing air removed from the wound
cavity 110 to cscape. Alr ontering the pump assembly can be passed through one or more
suitable filters, such as antibacterial filters.  This can maintain reusability of the pump
assembly, The purap assembly 230 includes one or more strap mounts 226 for connecting a
carry strap to the pump assembly 230 or for attaching a cradle. In the illustrated
embodiment, two strap mounts 226 can be formed on the sides of the pump assembly 230, In
some embodiments, various of these features are omitted andfor various additional features
are added to the pump assembly 230.

{38331 The canister 220 is configured o hold fluid {c.g., exudate) removed from
the wound cavity 110. The canister 220 includes one or more laiches 221 for attaching the
canister to the pump assembly 230, In the illustrated embodiment, the canister 220
comprises two latches 221 on the sides of the canister. The exterior of the canister 220 can
formed from frosted plastic so that the canister is substantially opaque and the contents of the
canister and substantially hidden from plain view. The canister 220 comprises a gripping

sortion 214 formed in a case of the canister. The gripping portion 214 can be configured to
wEPPINE =
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allow the user to hold the pump assembly 220, such as during removal of the canister from
the apparatus 230, The canister 220 includes a substantially transparent window 216, which
can also include graduations of volume. For example, the illustrated 300 mL canister 220
mecludes graduations of 530 ml, 100 mL, 130 mL, 200 mL, 250 mL, and 300 mL. Other
embodiments of the canister can hold different volume of fluid and can incinde different
graduation scale. For example, the canister can be an 800 mb canister. The canister 220
comprises a tubing channel 21¥ for connecting to the conduit 140, In some embodiments,
varions of thesc featurcs, such as the gripping portion 214, arc omitted and/or various
additional features are added to the canister 228, Any of the disclosed canisters may include
or may orait a solidifier,

{6834 Figure 2B illustrates a rear view 2008 of the pump assembly 238 and
canister 220 according o some embodiments. The pump assembly 230 comprises a speaker
port 232 for producing sound. The pump assembly 230 includes a filter access door 234 for
accessing and replacing one or more filters, such as antibacterial filters. The pump assembly
230 comprises a gripping portion 236 formed in the case of the pump assembly 230. The
gripping portion 236 can be configured to allow the user to hold the pump assembly 230,
such as during removal of the canister 220, The pump assembly 2380 inclodes one or more
covers 238 configured to as serew covers and/or feet or protectors for placing the pump
assembly 230 on a surface. The covers 230 can be formed out of rubber, silicone, or any
other suitable material. The purop assermbly 230 comprises a power jack 239 for charging
and recharging an internal battery of the pump assembly. The power jack 239 can be a direct
current {DC) jack. o some embodiments, the pump assembly 230 can comprise a disposable
power source, such as batteries, so that no power jack is needed.

[6035] The canister 220 includes one or more fect 244 for placing the canister on
a surface. The feet 244 can be formed out of rubber, silicone, or any other guitable material
and can be angled at a suttable angle so that the casister 220 remains stable when placed on
the surface. The canister 220 comprises a tube mount relief 246 configured to allow one or
more tubes to exit to the front of the device. The canister 220 inclades a stand or kickstand
248 for supporting the canister when it is placed on a surface. As cxplained below, the
kickstand 248 can pivot between an opened and closed position.  In closed position, the

kickstand 248 can be latched 1o the camster 220, In some embodiments, the kickstand 248
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can be made out of opaque material, such as plastic. In other embodiments, the kickstand
248 can be made out of transparent material. The kickstand 248 includes a gripping portion
242 formed in the kickstand. The gripping portion 242 can be configured to allow the user
to place the kickstand 248 in the closed position. The kickstand 248 comprises a hole 249
to allow the user to place the kickstand in the open position. The hole 249 can be sized to
allow the user to extend the kickstand using a finger.

[0036] Figure 2C illustrates a view 200C of the pump assembly 230 separated
from the canister 220 according to some embodiments. The pump assembly 230 includes
a vacuum attachment, connector, or inlet 252 through which a vacuum pump communicates
negative pressure to the canister 220. The pump assembly aspirates fluid, such as gas, from
the wound via the inlet 252. The pump assembly 230 comprises a USB access door 256
configured to allow access to one or more USB ports. In some embodiments, the USB
access door is omitted and USB ports are accessed through the door 234. The pump
assembly 230 can include additional access doors configured to allow access to additional
serial, parallel, and/or hybrid data transfer interfaces, such as SD, Compact Disc (CD),
DVD, FireWire, Thunderbolt, PCI Express, and the like. In other embodiments, one or
more of these additional ports are accessed through the door 234.

[0037] Additional description of the pump assembly 230 is disclosed in U.S.
Patent Application No. 14/210,062, filed on March 13, 2014 and titled “SYSTEMS AND
METHODS FOR APPLYING REDUCED PRESSURE THERAPY™.

FElectronics and Software

[0038] Figure 3 illustrates an electrical component schematic 300 of a pump
assembly, such as the pump assembly 230, according to some embodiments. Electrical
components can operate to accept user input, provide output to the user, operate the pump
assembly and the TNP system, provide network connectivity, and so on. Electrical
components can be mounted on one or more printed circuit boards (PCBs). As is illustrated,
the pump assembly can include multiple processors. It may be advantageous to utilize
multiple processors in order to allocate or assign various tasks to different processors. A first

processor can be responsible for user activity and a second processor can be responsible for
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controlling the pump. This way, the activity of controlling the pump, which may necessitate
a higher level of responsiveness {corresponding to higher risk level), can be offloaded to a
dedicated processor and, thereby, will not be interrupted by user interface tasks, which may
take longer to complete because of interactions with the user.

{839 The pump assembly can comprise a user interface processor or controller
310 configured to operate onc or more components for accepting user inpit and providing
output to the uscr, such as the display 206, buttons 212, cte. Input to the pump asscmbly and
output from the pump assembly can controlied by an input/output (/0 module 3280, For
example, the /0 module can receive data from one or more ports, such as serial, paraliel,
hybrid ports, and the like. The processor 310 also reccives data from and provides data to
one or more expansion modules 368, such as one or more USB ports, SD ports, Compact
Disc {C) drives, DV drives, FireWire ports, Thunderbolt ports, PCE Express ports, and the
Bike. The processor 310, along with other controllers or processors, stores data in one or
more memory modules 350, which can be internal and/or external o the processor 310, Any
suitable type of memory can be used, including volatile and/or non-volatile memory, such as
RAM, ROM, magnetic memory, solid-state mewory, Magnetoresistive randorn-access
memory (MRAM), and the like.

108461 In some embodiments, the provessor 310 can be a general purpose
controller, such as a low-power processor.  In other embodiments, the processor 310 can be
an application specific processor. The processor 310 can be configured as a “central”
processor in the electronic architecture of the pump assembly, and the processor 310 can
coordinate the activity of other processors, such as a pump control processor 370,
communications processor 330, and one or more additional processors 380 (c.g., processor
for controlling the display 206, processor for countrolling the buttons 212, cte).  The
processor 310 can run a suitable operating system, such as a Linux, Windows CE, VxWorks,
ate.

6041} The pump control processor 370 can be configured to conirol the
operation of a negative pressure pump 390, The pump 390 can be a suitable pump, such as 2
diaphragm pump, peristaltic pump, rotary pump, rotary vane pump, scroll pump, screw
pump, liguid ring pump, diaphragm purp operated by a piezoelectric transducer, voice coil

pump, and the like. The pump can inchude one or more valves, such as inlet and outlet {or
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exhaust) valves. The valves can be configured to open and close to enable the pump to
aspirate flnd from the wound cavity 118, The pump control processor 370 can measure
pressure in g fluid flow path, using data received from one of more prossure SCNSoOrS,
calculate the rate of fluid flow, and control the pump. The pump control processor 370 can
control a pump motor so that a desired level of negative pressure is achieved in the wound
cavity 110, The desired level of negative pressure can be pressure set or selected by the user.
In various cmbodiments, the pump conirol processor 370 controls the pump {c.g.. pomp
motor} using pulsg-width modulation (PWM). A control signal for driving the pump can be
a U-100% duty cyele PWM signal. The pump conirol processor 370 can perform flow rate
calculations and detect vanous conditions in a flow path. The pump control processor 370
can communicate information to the processor 310, The pump control processor 370 can
include internal memory and/or can utilize memory 350, The pump control processor 370
can be a low-power processor. In some embodiments, processor 310 1s configured to control
the pump 390, and pump control processor 370 is not used.

16042} A communications processor 330 can be configured to provide wired
and/or wireless connectivity., The communications processor 330 can utilize one or more
antennas 340 for sending and receiving data.  The communications processor 330 can
provide onc or more of the following types of connections: Global Positioning System {GPS)
techunology, cellular connectivity {e.g., 20, 3G, LTE, 4G), WiFi connectivity, Internet
connectivity, and the like. Connectivity can be used for various activities, such as pump
assembly location tracking, assct iracking, compliance monitoring, remote selection,
uploading of logs, alarms, and other operational data, and adjustment of therapy settings,
upgrading of software and/or firmware, and the like. The communications processor 330 can
provide dual GPS/cellular functionality, Cellular functionality can, {or example, be 3G
functionality. In such cases, if the GPS module is not able to establish satcllite connection
due to various factors including atmospheric conditions, building or terrain interference,
satellite geometry, and so on, the device location can be determined using the 3G network
conuection, such as by using cell identification, triangulation, forward link timing, and the
fike. The pump assembly can include a SIM card, and SIM-based positional information can

be obtained.
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(0043} The communications processor 330 can compunicate information to the

processor 310, The communications processor 330 can include internal memory and/or can
utitize memory 350, The communications processor 330 can be a low-power processor.

108441 In some embodiments, the pump assembly can track and store various
data, such as one or more of positioning data, therapy parameters, logs, device data, and so
on, The pump assembly can track and log therapy and other operational data. Data can be
stored, for example, in the memory 350,

[0045] In some embodiments, using the connectivity provided by the
communications processor 330, the device can upload any of the data stored, maintained,
and/or tracked by the pump assembly. For example, the following information can be
uploaded to a remote computer or server: activity log{s), which includes therapy delivery
mnformation, such as therapy duration, alarm log{s), which includes alarm type and time of
occurrence; error bog, which includes internal error information, transmission errors, and the
like: therapy duration information, which can be computed howrly, daily, and the like; total
therapy time, which includes therapy duration from first applying a particular therapy
program or programs; lifetime therapy information; device information, such as the serial
number, software version, battery level, etc; device location information; patient
information; and so on. The device can also download various operational data, such ag
therapy selection and pararoeters, firmware and software patches and upgrades, and the like.
The pump assembly can provide Internet browsing functionality using one or more browser

prograns, mail programs, application software {c.g., apps), ctc.

Conirolling the operation of a negalive pressure sourge using synchronous sampiing

13846} Figure 4 illustrates an clectrical component schematic 400 of cxample
components of a pump control processor, such as the pumyp countrol processor 378, according
to some embodiments, Although the components can be part of the pump control processor,
one or more of the components may be scparate from the pump control processor in other
embodiments. The components of the pump control processor can be used to sample a
pressure signal provided by a pressure sensor of a pump assembly, such as the pump
assembly 230, The pressure sensor can sense the pressure i or near an mlet, such as the

inlet 252, (or canister connection) of the pump assembly to generate the pressure signal.
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This pressure sensor can measure the pressure in the canister {or in or near the dressing ina
canisteriess system). Moreover, although the components may be described in the context of
saropling of a pressure signal, one or more other signals {c.g., motor voltage or current
signals) can be sampled similarly or in accordance with a similar or the same timing using
the components in other embodiments,

10847] In some cmbodiments, opening {or closing) of the inlet valve causcs &
pressure transicnt in the flmid flow path. Opening {or closing} of the outlet valve can also
causce fransmission of the pressure transient. Measuring pressiwe values in the presence of
the transient and nsing the measored pressure values to control the pump may cause
inaccuracics and errors, Accordingly, it can be advantageous to synchronize the pressure
measurements (and pump control} to durations when the pressure transicnt s not present in
the floid flow path. In certain embodiments, pressure measurements of the pressure sensor
are read (for example, sampled) so as to be synchronized to “miss” the pressure fransients
caused by operation of the pump, such as due to the closing and/or opening of the at least one
valve. This can be referred to as “synchronous” sampling. By contrast, reading pressure
sensor measureroents without regard to the operation of the purap {for example, opening
and/or closing of the valves) can be referred to as “asynchronous” sampling.  Whether
sampling is synchronous or asynchronous, measured pressure can be used for controlling the
pump as explained below.

[6048] In some cmbodiments, synchronous sampling can be performed as
foliows. The pressure sensor can provide the pressure signal to a sampler module or sampler
412 of an analog/digital (A/D) processor 41¢. The sampler can be a sample and hold device.
The sampler 412 can sample the pressure signal with a frequency, such as 500 Hz, 1 kHze, 2
KHz, or 10 KHz, so that the sampler 412 provides an analog value indicative of the pressure
signal to an A/D converter 414 of the A/D processor 410 at the selected frequency. The
sarapler 412 can, for example, operate in a sample mode or DSP scan mode. The sampler
can also perform anit-aliasing filtering (such as low pass filiering at 2 suitable frequency)
before the analog data is converted into digital form. The A/D converter 414 can convert the
anajog values received from the sampler 412 to digital values and store the digital values in

an output butfer 416 of the A/D processor 410,
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[0649] A filter 420 can access the digital values stored in the ountput butfer 416
and perform a filicring operation on the digital values, For cxample, the filter 420 can be an
infinite impulsc response (HR) filter (or a finite impulse response (FIR) filter) and porform e
low-pass filter (LPF} operation on the digital values to reduce higher frequency noise or
smooth out rapid changes in the sampled pressurc sigonal that are due to the pressure
transients. The filter 420 thus can, for instance, maintain a continuous running average of the
digital valucs over onc or more cycles or a fraction of a cycle of opening and/or closing of
one or more valves or rotation of a motor of the pump, such as the pump 390. In one
example implementation, the filter operation performed by the filter 420 can be based oo the
foliowing equation;

SilteredSample = [averager = ({{averager — (averager >> iirRitShift )+ rawSample|>> iirBiiShift )}
where rawSample can be a digital value removed from the output buffer 416, iirBitShift can

be a constant weighting factor, gverager can be a variable used to hold intermediate filter
results, and filteredSample can be the output value of the filter 420. The filter 429 can store

the filiered digital values from the filtering operation in the filter buffer 430. The filter 420

can, for instance, operatc at the samc frequency as the sampler 412 so that the filter 420
provides a filtered value for cach digital value to the filter buffer 430 at the same frequency.

[06850] A storage processor 440 can access the filtered valoes stored in the filter

buffer 430 and transfer the filtered values to a measures buffer 450 {c.g., a ring buffer) for

=

further processing by the pump control processor (e.z., for additional averaging, to determine
an gstimated pressure near the inlet of the pump assembly, or to determine whether to trigger
an alarm). In some embodiments, the storage processor 440 can sarople the filtered values
stored in the filter buffer 430 and transfer the sampled values to the measures buffer 450, As
a result, the storage processor 440 may not, in some instances, access all of the filtered
vatues stored in the filter buffer 430, but may access a selected subset of the filtered values
for further processing. In one example, the storage processor 440 can access the filtered
values and transfer the sampled values synchronous with the operation of the pump, such as
after opening and/or closing of one or more valves of the pump. Advantageously, in certain
embodiments, by sampling and transferring the fltered values synchronous with the

operation of the pump, the storage processor 440 can avoid further processing of filtered
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vatues corresponding to a pressure transient created in the flow path on gach opening and/or
closing of one or more valves of the pump.

{50851 The filiered values corresponding to the pressure transiont may contain
more noise than other filtered values and thus may be less desirable for use in further
processing by the pump countrol processor. In some embodiments, the storage processor 440
can sample the filtered values and transfer the sampled values to the measures buffer 450 in
accordance with a timer {¢.g., periodically, such as cvery 2 ms) and asynchronous with the
operation of the pump when an operational speed of the pump falls below a threshold (c.g., 2
rotation speed of the pump falls below 1 Hz or 2 Hz) or the pump has been idle for at least a
threshold period of time {(e.g., 100 ms or 500 ms}). That is, when the pump is operating
slowly {for example, when activity of the pump falls below an activity threshold),
asynchronous sampling can be utihized. The storage processor 440 can further transfer a
system voltage and moter corrent of the pump {and/or any other measurement of the
operation of the negative pressure apparatus) from the filter buffer 430 to the measures buffer
458,

0452 The pump can inclode a tachometer or any other suitable device (as
described} below for measuring rotation of the pump motor. For example, the puomp can be a
diaphragm pump operated by a DC motor and having inlet and outlet valves. Onc cyele of
the pump can correspond to four rotations of the wotor {or any other suitable number of
rotations), and the tachometer can provide an indication for cach rotation of the motor.
Pressure sensor reading can be sampled by the sampler 412 and converted to digital data by
the A/D converter at a frequency or rate that exceeds the rate of frequency at which the pump
iy operating {for example, as measured by the tachometer). The pressure is sampled at a
higher frequency (or oversampled) as compared to the speed of the pump motor {as measured
by the tachometer) and the opening and/or closing of cither or both the inlet and outlet

valves. Oversampling allows for removal (for example, by the filier 420} of contributions

(¢

due to the pressure transients caused by the opening and/or closing of the valves. Th
filiered pressure values can be removed from the filter buffer 430 synchronous with (for
example, upon arrival or detection of} the indication from the tachometer that the pump

motor has trned. This achieves synchronous sampling,
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[0653] In certain embodiments, synchronous sampling can be performed by
directly wdentifying the time durations when the at least one pump valve opens and/or closes,
For gxample, the pump, such as the pump 390, may utilize one or more scnsors that sense
opening and/or closing of the at lcast one valve. Information provided by the one or more
sensors can be used to perform synchronous sampling.  For instance, the pressure can be
samnpled sometime after the opening and/or closing of the valve as indicated by the onc or
more sensors. This time can be determine based on one or more threshold intervals, such as
for instance 100 ms {(or any other suitable time) after opening of the at east one valve.

{0054 In some embodiments, a pump assembly, such as pump assembly 230,
controls the vacuuwm pump to deliver ncgative pressure therapy to a wound according to a
selected or programmed protocol.  Pump control can be performed by the pump control
processor 370 alone or in corabination with the processor 3180, For example, as explained
ahove, the user can selest continuous operation at a desired pressure {or negative pressure
setpointy. The pump assembly can activate the vacoum pump to reduce or draw down the
pressure at the wound (e.g., under the dressing) to reach the setpoint. As explained below,
the draw down can be performed by increasing the negative pressure at the wound imited by
a maximum change in negative pressure per unit time called compression, until the setpoint
has been achicved. Wound draw down can be defined as the period of time immediately
after therapy has been initiated during which the wound has not vet achieved the setpoint.
As explained below, at the end of this period when the setpoint is achicved, the flow rate in
the fluid flow path should be below a leak {or high flow) threshold and above a low vacuum
threshold, otherwise an appropriate alarm will be activated.

[0055] Figure 5 illustrates a process 300 for providing negative pressure wound
therapy according to some embodiments. The process 500 can be exceuted by the pump
control processor 370 alone or in combination with the processor 310. The process 500 can
be periodically executed, such as for example every 100 milliseconds (or 10 times per
sccond) or at any other suitable frequency. Alternatively or additionally, the process 500 can
be continuously executed.

{3856} The process 3060 can begin in block 502, which it can transition to when
therapy is initiated or when the setpoint is changed while therapy is being delivered. In

block 302, the process 500 compares wound pressure, which can be determined as explained
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below, to the setpoint.  If the wound pressure is below the setpoint, the process 500 can
ransition to block 504, Conversely, if the wound pressure exceeds or is equal to the
setpoint, the process 500 can transition to block 506,

10657] In block 504 (pressure ramp up), the process 500 can increment a pump
ramp seipoint by an amount that depends on the compression setting as explained below.
The vacuum pump will then attempt to draw down the wound pressure to reach the current
vafue of the pump ramyp setpoint. For cxample, a suitable pump drive signal, such as voltage
or currgnt signal, can be gencrated and supplied to the pump motor so as to increase the
speed of the pump motor to achieve wound deaw down. For purposes of efficiency, the
pump motor can be driven using PWM or any other suitable method, The process 5060 can
contintie incrementing the pump ramp setpoint until it reaches the setpoint sclected by the
uwser. The process 580 can transition fo block 588 when the wound pressure has nearly
reached or reached the setpoint. For example, the process 500 can transition to block 508
when the wound pressure is within a ramp up threshold pressure of the setpoint, such as
within 2 mmHg of the setpoint or within any other suitable value.

{0453 I block 506 (pressure ramp down), the process 500 can set the pump
ramp setpoint to the sctpoint sclected by the user. The process 500 can deactivate the pump
so that the wound pressure is allowed to decay, such as due to one or more leaks in the fluid
flow path, to reach or almost reach the setpoint. At this point, the process 500 can transition
to block 508, For example, the process 500 can transition to block 508 when the wound
pressure is within a ramp down threshold pressure of the setpoint, such as within 5 mmHg of
the setpoint or within any other suitable value. In some cases, the ramp down threshold
pressure can be the same as the ramp up threshold pressure.

6059 In block 308 {steady statc}, the pump ramp setpoint can be set to the
setpoint selected by the user. The process 506 can control the vacyum purmp o maintain the
desived negative pressure at the wound. One or more conditions, such as high vacuum, low
vacuum, leak, and the like can be detected in block 5028 as is explained below. 1If the user
changes the sctpoint to be more negative or more positive or if delivery of therapy is paused,
the process 300 can transition to block 502,

108691 In some embodiments, the pump assembly controls the vacuum pump to

draw down the wound {€.g., as is cxplained above in connection with block 504} by utilizing
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compression.  Using compression can be beneficial for avoiding rapid changes in wound
pressure, which can minimize patient discomfort, reduce noise produced as a result of
operating the pump, maintain cfficient delivery of negative pressure, maintain efficient usc of
power {e.g., battery power)}, and the like. Compression can be executed by the process 500,
which in turn can be implemented by the pump control processor 370 alone or in
combination with the processor 310. Compression can correspond to the maximum desired
mnerease in nogative pressure at the wound per unit of time, Compression can be determined
based on the negative pressure setpoint and sciected compression setting {e.g., low, medium,
or high},

0061 In some embodiments, the pump assembly monitors various parameters,
such as pressure and rate of flow in the fluid flow path, in order to control the pump in
connection with delivery of negative pressure wound therapy. Parameters monitoring and
pump control can be performed by the pump control processor 370 alone or in combination
with the processor 310. Monitoring the flow rate can be used, among other things, to ensure
that therapy is properly delivered to the wound, to detect leakages, blockages, high pressure,
and fow vacuur, canister full, and the like.

[6062] The pump assembly can be configured to indirectly measure the flow rate
in the fluid tlow path. For cxample, the pump assembly can measure the speed {e.g., as
frequency) of the vacuum pump motor by using a tachometer. Alternatively or additionally,
the pump assembly can measure a level of activity or duty cycle of the pump using any
suitable approach, such as by monitoring voltage or current supplied to the pump, sensing
pump speed {e.g., by using a Hall sensor), meuasuring back EMF generated by the pump
motor, monitoring duty cycle of the pump (for example, of the pump motor or actuator) and
the like. Tachometer readings can be averaged {for example, by applving a low pass filter as
explained above} in order to mitigate the effects of one or more crrant readings. A number of
most recent tachometer readings, such as over last 2.5 seconds or any other suitable time
period, can be averaged to obtain short tachometer average. A number of less recent
tachometer readings, such as over the last 30 scconds or any other suitable time period, can
be averaged to obtain long tachometer average. Short and long tachometer averages can be
utilized for pump control.  Additionally or alternatively, the purmp assembly can directly

measure the flow rate, such as by using a flow meter,

-



[0063] In addition, the pump assembly can determine and monitor pressure in
the flow path using one or more sensors. In some embodiments, the pump assembly
includes a pressure sensor in or near the inlet 252 (or canister connection) of the pump
assembly 230. This pressure sensor can measure the pressure in the canister or any other
portion of the fluid flow path (or in or near the dressing or any other portion of the fluid
flow path in a canisterless system). The arrangement of one or more pressure sensors in
disclosed in U.S. Patent Application No. 14/210,062, filed on March 13, 2014 and titled
“SYSTEMS AND METHODS FOR APPLYING REDUCED PRESSURE THERAPY”.
The pump assembly can continuously measure pressure in the canister, such as every
millisecond or any other suitable duration. A suitable number of latest pressure sensor
readings can be averaged to mitigate the effects of one or more errant readings.

[0064] Wound pressure can be estimated using the measured canister pressure
and the pump speed. Because of presence of one or more leaks in the flow path, wound
pressure may not be the same as canister pressure.

|0065] Based on the determined flow rate, canister pressure, and wound
pressure values, the pump assembly monitor and detect various operating conditions and
can control the pump. One or more of these conditions can be detected by the process 500
while the process in in block 508. Blockage in the fluid flow path can be determined by
comparing the flow rate, as reflected by long tachometer average, to a particular blockage
threshold over or during a period of time, such as 2 minutes or any other suitable duration.
The blockage threshold can be selected or determined based on the particular pressure
setpoint. That is, to detect blockage, the pump assembly can utilize a plurality of blockage
thresholds corresponding to particular pressure setpoints. As explained above, the flow rate
can be indirectly determined by detecting and monitoring the pump speed. Long tachometer
average can be compared to the blockage threshold. Alternatively or additionally, short
tachometer average or any other suitable measure of flow rate can be compared to the
blockage threshold.

[0066] During operation, the pump generates pressure pulses (for example,
pressure transients) that are propagated through the fluid flow path. The pressure pulses,

which can be detected by a pressure sensor, are illustrated by the pressure curve 602 of
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Figure 6 according to some embodiments. As is illustrated in region 604, pressure in the
fluid flow path varies or oscillates around a particular pressure setpoint 608 during normal
operation of the system. Region 606 tllustrates pressure pulses in the flow path in presence
of a blockage distal o the pump. For example, the canister {or dressing) becomes full and/or
a canister {or dressing} filter is occluded or blocked. As is iHustrated in region 606, presence
of a distal blockage causes a reduced volume to be scen upstream of the canster {or
dressing), and the amplitude of the pressure pulses changes {e.g., incrcasesy. The frequency
of a pressure signal also changes {e.g., slows down or decrcases). Obsorved changes in one
or more parameters of the pressure signal can be used to identify the type of distal blockage
present, such as distinguish between canister {or dressing) full and other types of blockages
in the fluid flow path. Changes in the amplitude of the pressure signal can be measured
using a variety of technigues, such as by measuring peak-to-trough change.

[6667] Figure 7 illustrates a process 700 of providing negative pressure wound
therapy according to some embodiments. The process 700 can be executed by the pump
control processor 370 alone or in combination with the processor 310, The process 700 can
be perindically executed or at any other suitable frequency. Alternatively or additionally, the
process 700 can be continuously cxecuted.  Advantageously, in certain embodiments, the
process 700 can enable the synchronization of pressure measurements with the operation of a
pump, such that the impact of pressare measurements corresponding o pressure fransients
created 1 the flow path due to the opening and/or closing of one or more valves of the puop
can be reduced or eliminated.

{3868 At block 702, the process 700 can read measurements of pressure in a
fluid flow path. The measurements may have been received from a pressure sensor
positioned to sense the pressure gt or near an inlet of a pump assembly, such as the pump
assembly 230, or at any other suitable portion of the fluid flow path. In one example, the
measurements may be obtained from the output buffer 416 may have further been filtered,
such as by the filter 420, before being stored in the filter buffer 430.

13869] At block 704, the process 700 can sample the identified measurements
synchronous with opening and/or closing of one or more valves {e.g., an inlet valve or an
outlet valve) of a pump, such as the pump 390, of the pump assembly. The measurements

can thus be sampled such that one or more of the identified measurements are excluded from
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the sampled measurements. For instance, the measurements can be influenced by & pressure
ransient created by the periodic opening and/or closing of one or more valves of the pump,
and the process 700 can sample the messurements so that one or more measurcrents more
influenced by the pressure transient than are other of the measurements are gxcluded from
the sampled measurements. The process 700 can, in some embodiments, determine the
opening and/or closing of the one or more valves using a signal from the pump or a sensor
associated with the pump.

{78 In one example, the process 700 can sample the measurements at a sample
frequency corresponding o (e.g., proportional to) a opening and/or closing frequency of one

or more valves of the pump. In ancther cxample, the process 700 can sample the

=

casurements so that the measurements measured when one or more valves of the pump is at
one position in a opening and/or closing cycle are meluded 10 the sample measurements and
the measurements measured when the one or more valves s at another position in the
opening and/or closing cvcle are excluded from the sample measurements.

[0671] In a further example, the process 700 can sample the measurements based
at least on a rate or frequency of a signal received from a tachometer associated with the
purap. The tachometer can be positioned to measure a speed of a motor of the pump. The
sampling of the measurements can involve accessing and transferring pressure measurements
for further processing, for instance, in response to detecting one or either of the rising edge
and falling edge of the tachometer signal, such that of the sampling is synchronized with the
rotation of the motor {or operation of the pump).

{8072} At block 706, the process 700 can determine pressure in the fluid flow
path based at least on the sampled measurcments. The pressure can, for instance, be
determined such that one or more of the measurements that reflect contributions due to the
pressure transients are excluded from the sampled measurements. The pressure can be more
accurate than if the pressure were estimated based on both the sampled measurements and
the mecasurcments excluded from the sampled measurcments, because the tmpact of a
pressure transient created on each opening and/or closing of one or more valves of the pump
can be reduced or eliminated by not considering the measwrements exchided from the

sampled measurements in the determination of the pressure.
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106731 At block 708, the process 700 can generate a drive signal based at least on
the estimated pressure to conirel the operation of the pump. For cxample, the drive signal
can bc a PWM signal, and the duty cvele of the drive signal can be varied to increase or
decrease the speed of the pump according at least to the estimated pressure.  In some
embodiments, the duty cyvele of the drive signal can be confrolled using a proportional-
mtegral-derivative {(PID} calculation bascd at lcast on a differcnce between a pressure
sctpoint and the cstimated pressure as described with respect to proecss 800 of Figure 8.

{38741 Although the process 700 s deseribed as using sampling to reduce or
climinate the impact of pressure transients created by one or more valves of a pump, one or
more additional or other approaches can be used in some embodiments to reduce or eliminate
the impact of the pressure transients created by the one or more valves of the pump. For
example, the process 700 can weight the measurements based at least on a synchronization of
the measuremonts with opening and/or closing of the one or more valves of the pump. The
measurements more influenced by a pressure transient ercated by the opening and/or closing
of the one or more valves of the pump than other measurements can be given a reduced
weighting relative o the other measurements so that the measurements more influenced by
the pressure transicnt can influence the determined estimated pressure less than the other
measurements.

[0475] Figure § illustrates a process 800 for determining a duty cyele for a PWM
control signal for a source of nmegative pressure according to some embodiments.  The
process 800 can be executed by the pump control processor 370 alone or in combination with
the processor 318, The process 800 can be periodically executed or at any other suitable
frequency. Advantageously, in certain embodiments, the process 800 can enable the pump
control processor 370 to determine a suitable duty cycle for controlling a pump, such as the
pump 390, so that the pump is ramped or controlled to a setpoint without (1) significantly
overshooting the setpoint or (2) controlling the pump to operate at a level different from the
setpoint under canister full conditions.

10876} The process 800 can be based on a PID calculation and serve as a control
foop feedback mechanism. The control loop feedback mechanism can provide up to three-
term control according to an error value calculated based on a difference betwoen a measured

pressure and a setpoint pressure.  The up to three-term control can be determined by a

35,



CA 02972691 2017-06-28

WO 2016/109041 PCT/US2015/061165

proportional control ferm (Prepa), integral control term (Irsrv), or derivative control term
{Drerny. In some embodiments, the output of the PID caleulation (PIDour) can depend on a
sont of Prsaue, Frerne 80d Dywrss. The Lrapos, 10 addition, can be related to an integral sum
{Iqin) that can also depend on an accumulation of past errors. PIDour can be set to
permissibly range from ¢ to 100 so that 0 cormresponds to a 0% duty cvele PWM control

signal and 100 corresponds to a 100% duty cyele PWM control signal. As illustrated by the

{86771 The process 8OO can, in some ways, bo similar to a standard PID
caloulation.  However, the process 800 can inchide modifications to the standard PID
calculation that improve the response of the PID caleulation to varicus conditions in negative
pressure wound therapy.  For example, the process 804 can iclude the following

modifications:

® If a measured pressure exceeds a HighVacuumAlarmThreshold, Ison can be set o
0.

8 If Pyppn exceeds 160, Isiny can be set to 0§ and PIDoyy can be set to 100,

® if a difference between a pressure setpoint and a measured pressure is negative,

Igum can be set to the sum of Iguw and a value greater than the difference.
® I I 18 less than 0, lsom can be set to 0 and PIDopr can be set to Prerw, which
can prevent long PID restart delays following periods of pressure relcase.
@ it a sum of Preay and Trepy exceeds 100, Piloyr can be set to 100 and Igy can
be reduced, such as proportional to an ameunt that the sum exceeds 100,
Although the process 800 may include all of the above-referenced modifications, in some
embodiments, the process 808 can instead jnclude one or more of the modifications and not
one or more other of the wodifications, or may include different modifications.

16878 At block 892, the process 800 can determine whether a measured pressure
{Prypasupen) in the flow path exceeds a high vacuum threshold (Tigon).  The measured
pressure can be a pressure measurernent received from g pressure sensor positioned at or near
an inlet of a pump assembly, such as the pump assembly 230, and, in somc embodiments,
may have been sampled from a set of measurements as discussed with respect to process 700.

If the measured pressure exceeds the high vacium threshold, at block 804, the process 800
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can set {sv to be § and Pilopr to be 0, and the process 800 can end by returning the value
of PIDar.

10879 If the measured pressure does not exceed the high vacuum threshold, at
block 806, the process 800 can set ERROR to be a difference between a pressure setpoint and
the measured pressure and set Prrwu t0 be a proportional gain (Kp) times ERROR. The
pressure sctpoint can be sct, for example, by a nser of a pump assembly by sctting a desired
pressure or a mode of operation that corrgsponds to the pressure scipoint,  In somge
cmbodiments, the proportional gain can be set at pump assembly manufacture or during a test
operation of a pamp assembly using one or more control loop tuning approaches. The
proportional gain ¢an, for instance, be sct to a vahue ranging from § to 1, ranging from 0.3 to
1.9, ranging from 8.5 10 0.7, or to 0.6,

[(888] At block 808, the process BOO can determine whether Propy equals or
exceeds 100, I Pypriy equals or exceeds 100, at block 810, the process 800 can set fsyy to be
{ and PiDopy to be 100, and the process 800 can end by returning the value of PiDgyy. If
Preru does not equal or exceed 100, at block 812, the process 808 can determine whether
ERROR is below . If ERROR 15 not below 0, the process 800 can set Ising to be a sum of
Isiy and 2 times ERROR at block 814, If ERROR is below 0, the process B0 can set Tyuy
to he a sum of fguy and ERROR at block 816, At block 818, the process 800 can determine

whether Tgrng i8 less than 0. I Tginy s less than 0, at block 820, the process 800 can set gy

0 be 0 and PiDopy to be Pramy, and the process 800 can end by returning the value of
1)ID(){_T1\

{6881 If Toomr 18 not less than O, at block 822, the process 800 can set Itpry to be
an integral gain (K} times gy and set PHDgor to be a sum of Pypgy and Ipppne. Tnosome
embodiments, the proportional gain can be set to a value ranging from € to I, ranging from
(.0001 1o 0.0003, or to 0.0002. At block 824, the process 800 can determine whether PIBoyr
exceeds 100, I PIDgyr does not exceed 100, process 800 can cod by returning the value of
PiDour. I PIDour exceads 100, at block 826, the process 800 can scale Ismy {c.g., by an
amount depending on or proportional to the amount that PIDgur exceeds 109} and set PIDogr
1o be 100, and the process 800 can end by returning the value of PiDoyr.

10482 Figures 9A-9B and 10A-10B illustrate plots of operating pressure for

simulated reduced pressure wound therapy systems according to some embodiments.

]
~-d



CA 02972691 2017-06-28

WO 2016/109041 PCT/US2015/061165

Figures 3A-9B depict example plots of operating pressure for a simulated system that does
not implement at least some of the teachings provided in this disclosure, such as the
teachings described with respect to the process 700 {(e.g., using sampled pressare values) and
the process €00 (e.g., PID calculation based control process). Figures 10A-10B depict
example plots of operating pressure for a simulated system that does implement at feast some
of the teachings provided in this disclosure, such as the teachings described with respect to
the processes 700 and 800,

{83 Figure 9A shows an cxample plot 900A for a draw down operation and
controlling of a purop to atiempt to draw down a pressure at the wound to reach 120 romHg
without using synchronous sampling. The Hnes A, B, and C of the plot 300A respectively
ithustrate the simulated operating pressure for the system with a full canister, nearly fll
canister, and empty canister. At a time of 0 seconds, the pump begins operating so as 1o
draw down the pressure. At around a time of 3 seconds, the pump has finished the draw
down and entered steady-operation. As can be seen from the lines A and B of the plot 200A,
the pressure in the simulated systems indicates presence of a significant pressure pulse or
transient between 0 secounds to 0.5 seconds (which is not removed because synchronous
sampling is not used). Operating the pump without removing or mitigating contributions due
to such a pressure pulse or transicnt at the starfup of the pump may not be desirable in some
mstances and, for example, may be ancomfortable or painful for a patient. In addition, it can
be seen from line A of plot 900A that the canister full condition may also cause the pump 1o
draw down by 100 mmHg rather than 120 mmHg as desired. Thus, the pomp may also be
underperforming under canister full conditions {or even under canister empty or relatively
empty conditions).

10084 Figure 9B shows an cxample plot 9008 for controliing of a pump in a
presence of a pressure transient of 120 mmbg without using synchronous sampling. The
fines A, B, and C of the plot S00B respectively llusirate the sirmulated operating pressure for
the system with a full canister, nearly full canister, and empty canister. At a time of O
seconds, the pump beging operating to draw down the pressure at the wound. The time
between O and 1 second illustrates occwrence of a pressure transient {(which is not removed
because synchronous sampling is not used). At around a time of 1 second, the pressure

transient has ceased or ended. As can be seen from the lines A and B of the plot 2008, the
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pressure in the simulated systems can show a significant pressure overshoot between §
seconds to 0.3 seconds as a result of the pressure fransient. Operating the pump without
removing or mitigating contributions due to such a pressure overshoot may not be desirable
in some instances and, for example, may be uncomfortable or painfid for o patient. In
addition, it can be sgen from line A of plot 3008 that the canister full condition may cause
the pump to adjust pressure by 100 mmHg rather than 120 munHg as desived. Thus, the
pump can be underperforming under canister full conditions {or cven under canister empty or
relatively empty conditions),

[0085] Figure 10A shows an example plot 1000A for a draw down operation and
controlling of a pump to attempt to draw down a pressure by 120 mmig, and Figure 10B
shows an example plot 10008 for a transient operation and controiling of a pump in the
context of a pressure transient of 120 mmHg. In both plots 1008A and 1080B svnchronous
samphing is utilized. In contrast to Figores 3A-9B, as can be seen from the lnes A, B, and C
of the plots 1000A and 10008, Figures 10A-10B show a smooth draw down in pressure,
minimal oversheot after a transient event, relatively tast adjusiment to reach a pressure
seipoint, and effective adjustment of pressure mdependent of a remaining capacity of a
canister. Morcover, as can be seen from the line A of the plots 1000A and 10008, the
pressure can be adjusted closer to a pressure sctpoint than may have been achicvable in the
systems depicted by the plots 900A and S00B. Accordingly, use of synchronous sampling
for controlling the pumyp results, for example, in increased efficiency, diminished noise and
vibration caused by operation of the pump, reduced in energy usage, and better comfort for

the patient.

Oither Variations

{3886] Any value of a threshold, mit, duration, cte. provided hercin is not
intended to be absolute and, thereby, can be approximate. In addition, any threshold, limit,
duration, cte. provided hercin can be fixed or varied cither automatically or by a user.
Furthermore, as is used herein relative terminology such as cxeceds, greater than, fess than,
¢te. in relation to a reference value 18 intended to also encompass being cqual to the reference
value, For example, exceeding a reference value that is positive can encompass being equal

to or greater than the reference value, In addition, as 18 used herein relative terminology such
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as e¢xceeds, greater than, less than, ete. in relation to a reference value is intended to also
encorapass an inverse of the disclosed relationship, such as below, less than, greater than,
cte. in relations to the reference value.

108587] Features, materials, charactoristics, or groups described in conjunction
with a particolar aspect, embodiment, or ¢xarople are to be understood to be applicable to
any other aspect, cmbodiment or example described hercin unless incompatible therewith.
All of the featurcs disclosed in this specification (including any accompanying claims,
abstract and drawings}, and/or all of the steps of any method or process so disclosed, may be
combined in any cormbination, except combinations where at least some of sach features
and/or steps are mutually exclusive, The protection is not restricted to the details of any
foregoing embodiments. The protection extends to any novel one, or any novel combination,
of the featires disclosed in this specification (including any accompanying claims, abstract
and drawings}, or to any novel one, or any novel combination, of the steps of any method or
process so disclosed.

{008 While certain ernbodiments have been described, these emboediments have
been presented by way of example only, and are not intended to limit the scope of protection.
Indeed, the novel methods and systems described hercin may be embodied in a variety of
other forms. Furthermore, various omissions, substitutions and changes in the form of the
methods and systems described herein may be made. Those skilled in the art will appreciate
that in some cmbodiments, the actual steps taken in the processes ilhustrated and/or disclosed
may differ from those shown in the figures. Depending on the embodiment, certain of the
steps described above may be removed, others may be added. For example, the actual sieps
and/or order of steps tuken in the disclosed processes may differ from those shown in the
figure. Depending on the embodiment, certain of the steps described above may be removed,
others may be added. For instance, the various components illustrated in the figures may be
implemented as software and/or firmware on a processor, controlier, ASIC, FPGA, and/or
dedicated hardware., Hardware components, such as processors, ASICs, FPGAs, and the
fike, can include logic circuitry. Furthermore, the features and attributes of the specific
embodiments disclosed above may be combined in different ways to form additional

embodiments, all of which fall within the scope of the present disclosure.
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{3889} Although the present disclosure includes certain embodiments, examples
and applications, it will be understood by those skilied in the art that the present disclosure
extends beyond the specifically disclosed cmbodiments to other altornative embodiments
and/or uscs and obvious modifications and cquivalests thercof, including embodiments
which do not provide all of the features and advantages sct forth heorein. Accordingly, the
scope of the present disclosure is not intended to be limited by the specific disclosares of
preforred embodiments herein, and may be defined by claims as presented hercin or as

presented in the future,
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CLAIMS:

1. An apparatus for applying negative pressure therapy to a wound, comprising:

a housing comprising a source of negative pressure configured to be in fluidic
communication with a wound dressing, the source of negative pressure comprising at least
one valve;

a pressure sensor configured to measure pressure in a fluid flow path configured to
fluidically connect the wound dressing and the source of negative pressure; and

a controller configured to operate the source of negative pressure using a drive
signal, the controller further configured to:

determine a pressure measurement based on a sample of pressure
measurements measured by the pressure sensor, wherein the determination is
performed synchronous with opening and/or closing of the at least one valve and
with operation of the source of negative pressure, and

generate the drive signal based at least on the determined pressure,

wherein pressure measured by the pressure sensor includes one or more components
due to a pressure transient generated by the opening and/or closing of the at least one valve,
and the one or more of the components are substantially excluded from the determination

of the pressure measurement.

2. The apparatus of claim 1, wherein the pressure transient is periodically generated by

the at least one valve.

3. The apparatus of claim 1, wherein the controller is configured to determine the
pressure measurement synchronous with the opening and/or closing of the at least one valve
by sampling the measurements at a sampling frequency that exceeds the frequency with

which the at least one valve opens and/or closes.

4. The apparatus of claim 3, wherein the sampling frequency is proportional to the

frequency with which the at least one valve opens and/or closes.
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5. The apparatus of claim 1, wherein the controller is configured to determine the
pressure measurement synchronous with operation of the source of negative pressure based
on one or more of the measurements obtained at times when the at least one valve is in a
first position and not based on one or more of the measurements obtained at times when the

at least one valve is in a second position.

6. The apparatus of claim 1, wherein the source of negative pressure comprises a
vacuum pump having a motor, and the controller is configured to determine the pressure
measurement synchronous with the operation of the source of negative pressure based at

least on a speed of the motor.

7. The apparatus of claim 6, further comprising a tachometer configured to measure
the speed of the motor and generate a speed signal indicative of the measured speed of the
motor, and wherein the controller is configured to determine the pressure measurement
synchronous with the operation of the source of negative pressure based on the signal

received from the tachometer.

8. The apparatus of claim 7, wherein the controller is configured to determine the
pressure measurement synchronous with the operation of the source of negative pressure in
response to a rising edge of the speed signal and in response to a falling edge of the speed

signal.
9. The apparatus of claim 1, wherein the controller is configured to determine the
pressure measurement synchronous with the operation of the source of negative pressure

based on a signal received from the source of negative pressure.

10.  The apparatus of claim 1, wherein the at least one valve comprises an inlet valve

and an outlet valve.
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11.  The apparatus of claim 1, wherein the controller is configured to determine the
pressure measurement synchronous with the operation of the source of negative pressure by

applying a low-pass filter to a plurality of measurements obtained from the pressure sensor.

12.  The apparatus of claim 1, wherein the controller is further configured to determine
the pressure measurement asynchronous with the operation of the source of negative
pressure in response to determining that an activity of the source of negative pressure falls

below an activity threshold.

13.  The apparatus of claim 1, wherein the controller is configured to control the source
of negative pressure using pulse-width modulation (PWM) and generate the drive signal
using a proportional-integral-derivative (PID) calculation based at least on a difference

between a pressure setpoint and the determined pressure.

14.  The apparatus of claim 13, wherein the controller is configured to generate the drive
signal to have a 0% duty cycle in response to determining that the determined pressure

exceeds a first threshold.

15.  The apparatus of claim 13, wherein the controller is configured to generate the drive
signal to have a 100% duty cycle in response to determining that a proportional term of the

PID calculation exceeds a first threshold.

16.  The apparatus of claim 13, wherein the controller is configured to generate the drive
signal to have a 100% duty cycle in response to determining that a sum of a proportional
term of the PID calculation and an integral term of the PID calculation exceeds a first

threshold.

17.  The apparatus of claim 13, wherein the controller is configured to set an integral
term of the PID calculation to be 0 and an accumulated error of the PID calculation to be 0

in response to determining that the accumulated error is less than 0.

-34-

Date Regue/Date Received 2022-02-16



18.  The apparatus of claim 13, wherein the controller is configured to set an
accumulated error of the PID calculation to be greater than a sum of the accumulated error

and the difference in response to determining that the difference is negative.

19.  Use of the apparatus according to any one of claims 1 to 18, for applying negative

pressure therapy to a wound.
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