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CONTROLLING OPERATION OF A REDUCED PRESSURE THERAPY SYSTEM 

BASED ON DYNAMIC DUTY CYCLE THRESHOLD DETERMINATION 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[00011 This application claims priority to U.S. Provisional Patent Application No.  

61/613,456, filed on March 20, 2012, which is incorporated by reference it its entirety and is 

made part of this disclosure.  

BACKGROUND 

Field 

[0002] Embodiments of the present disclosure relate to methods and apparatuses 

for dressing and treating a Wound with topical negative pressure (TNP) therapy. In particular, 

but without limitation, embodiments disclosed herein relate to negative pressure therapy 

pumps and dressings, and methods and algorithms for controlling the operation of TNP 

systems.  

Description of the Related Art 

[0003] 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 

many different types of materials and layers, for example, gauze, pads, foam pads or multi

layer 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 a 

wound. Such therapy is applicable to a broad range of wounds such as incisional wounds, 

open wounds and abdominal wounds or the like.  

[0004] TNP therapy assists in the closure and healing of wounds by reducing 

tissue 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, TNP therapy permits less outside disturbance of the wound and promotes more 

rapid healing.  

-1-



WO 2013/140255 PCT/IB2013/000866 

SUMMARY 

[0005] Embodiments disclosed herein relate to systems and methods of treating a 

wound with reduced or negative pressure and are generally applicable to use in topical 

negative pressure (TNP) therapy systems. Some embodiments are directed to negative 

pressure therapy pumps and dressings, and methods and algorithms for operating such 

negative pressure therapy pumps and TNP systems for use with negative pressure therapy 

dressings. Some embodiments disclosed herein comprise novel and inventive control logic 

configured to control the operation of a TNP system. For example, some embodiments 

comprise novel and inventive control logic configured to control the operation of a source of 

negative pressure in response to monitoring and detecting various operating conditions. In 

some embodiments, the control logic can be configured to detect and respond to one or more 

leaks, such as leaks in a dressing that is in fluid communication with a source of negative 

pressure, leaks in a seal created by a dressing over a wound, and the like.  

[0006] In some embodiments, apparatuses and methods for controlling the 

operation of a reduced pressure therapy system based on dynamic duty cycle threshold 

determination are disclosed. In certain embodiments, an apparatus for applying negative 

pressure to a wound includes a source of negative pressure configured to be coupled to a 

dressing, a power source configured to supply power to the source apparatus, and a controller.  

The controller is configured to monitor a duty cycle of the source of negative pressure and 

determine a duty cycle threshold based at least in part on a capacity of the power source and 

operational time of the apparatus. In various embodiments, the duty cycle reflects an amount 

of time the source of negative pressure is active over a period of time. In certain 

embodiments, the controller is configured to determine the duty cycle threshold according to 

a quadratic function. In some embodiments, the capacity of the power source and the 

operational time are related according to a linear relationship. According to various 

embodiments, the controller is also configured to measure a first capacity of the power source 

when the source of negative pressure is active, measure a second capacity of the power 

source when the source of negative pressure is inactive, and determine the capacity of the 

power source based at least in part on the first and second capacities of the power source. For 
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example, the capacity of the power source can be determined based on a mean value of the 

first and second capacities of the power source.  

[00071 In some embodiments, a method for operating a negative pressure 

apparatus having a source of negative pressure and a power source includes delivering 

negative pressure to a dressing positioned over a wound from the source of negative pressure, 

monitoring a duty cycle of the source of negative pressure, and determining a duty cycle 

threshold based at least in part on a capacity of the power source and an operational time of 

the negative pressure apparatus. In various embodiments, the duty cycle reflects an amount 

of time the source of negative pressure is active over a period of time. In certain 

embodiments, the determination of the duty cycle threshold is performed according to a 

quadratic function. In some embodiments, the capacity of the power source and the 

operational time are related according to a linear relationship. According to certain 

embodiments, the method also includes measuring a first capacity of the power source when 

the source of negative pressure is active, measuring a second capacity of the power source 

when the source of negative pressure is inactive, and determining the capacity of the power 

source based at least in part on the first and second capacities of the power source. For 

example, the capacity of the power source can be determined based on a mean value of the 

first and second capacities of the power source.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[00081 Embodiments of the present invention will now be described hereinafter, 

by way of example only, with reference to the accompanying drawings in which: 

[0009] Figure 1 illustrates an embodiment of a reduced pressure wound therapy 

apparatus comprising a pump, a dressing, and a conduit.  

[0010] Figure 2 illustrates a pump assembly according to some embodiments.  

[00111 Figure 3 illustrates an electrical component schematic of a pump assembly 

according to some embodiments.  

[0012] Figure 4 illustrates a graph depicting a duty cycle determination for a 

pump assembly according to some embodiments.  

[0013] Figures 5A-5C illustrate graphs that can be used for determining a duty 

cycle threshold according to some embodiments.  
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[0014] Figures 6A-6C illustrate a set of duty cycle threshold determinations over 

operational life of a pump assembly according to some embodiments.  

[0015] Figure 7 illustrates a graph of a quadratic surface that can be used for 

determining a duty cycle threshold according to some embodiments.  

[0016] Figure 8 is a flowchart illustrating a process of operation of the pump 

assembly according to some embodiments.  

[00171 Figure 9 illustrates another set of duty cycle threshold determinations over 

operational life of a pump assembly according to some embodiments.  

[0018] Figure 10 illustrates yet another duty cycle threshold determination over 

operational life of a pump assembly according to some embodiments.  

DETAILED DESCRIPTION OF SOME EMBODIMENTS 

Overview 

[0019] Embodiments disclosed herein relate to systems and methods of treating a 

wound with reduced pressure. As is used herein, reduced or negative pressure levels, such as 

-X mmHg, represent pressure levels that are below standard atmospheric pressure, which 

corresponds to 760 mmHg (or 1 atm, 29.93 inHg, 101.325 kPa, 14.696 psi, etc.).  

Accordingly, a negative pressure value of -X mmHg reflects absolute pressure that is X 

mmHg below 760 mmHg or, in other words, an absolute 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 is "more" or "greater" than -X mmHg corresponds to pressure that is further 

from atmospheric pressure (e.g., -80 mmHg is more than -60 mmIlg).  

[0020] Embodiments of the present invention are generally applicable to use in 

topical negative pressure ("TNP") 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 granular 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 and by helping to 

stabilize the tissue in the apposed position of closure. A further beneficial use of TNP 
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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 tissue viability.  

[0021] Some embodiments are directed to negative pressure therapy pumps and 

dressings, and methods and algorithms for operating such negative pressure therapy pumps 

and TNP systems for use with negative pressure therapy dressings. Some embodiments of 

pump assemblies disclosed herein comprise novel and inventive control logic configured to 

control the operation of a pump assembly. For example, some embodiments comprise novel 

and inventive control logic configured to control the operation of a pump assembly in 

response to monitoring and detecting various operating conditions, such as presence and/or 

severity of a leak or leaks in the system, rate of flow of fluid (e.g., air, liquid and/or solid 

exudate, etc.) aspirated from a wound, and the like, while prolonging an operational life of 

the pump assembly and providing optimal or near optimal delivery of therapy to a patient. In 

some embodiments, the control logic can be configured to detect a leak or leaks in a system 

(e.g., leak or leaks in the dressing that is in fluid communication with the pump, leak or leaks 

in the seal created by a dressing over a wound, etc.) as well as to control the operation of the 

pump assembly when such leak or leaks are detected.  

[00221 Control logic disclosed herein can help the pump assembly operate more 

efficiently and conserve power, for example but without limitation, battery power. Some 

embodiments disclosed herein relate to apparatuses and methods for controlling operation of 

a negative pressure wound therapy system. In particular, but without limitation, 

embodiments disclosed herein relate to negative pressure therapy apparatuses and dressings, 

and methods and algorithms for operating such negative pressure therapy systems. In some 

embodiments, though not required, an apparatus can comprise a dressing configured to be 

placed over a wound and to create a substantially fluid impermeable seal over the wound.  

The apparatus can comprise a source of negative pressure (e.g., a negative pressure pump) 

configured to be coupled to the dressing. The apparatus can further comprise a controller 

configured to monitor a duty cycle of the source of negative pressure and determine a duty 

cycle threshold based at least in part on a capacity of the power source and an operational 

time of the apparatus. In some embodiments, the controller can be further configured to 

activate the source of negative pressure, determine if the duty cycle exceeds a duty cycle 
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threshold, and provide an indication in response to the duty cycle exceeding the duty cycle 

threshold.  

[0023] Some embodiments disclose a method of operating a source of negative 

pressure. The method can comprise delivering negative pressure to a dressing positioned 

over a wound from the source of negative pressure, monitoring a duty cycle of the source of 

negative pressure, and determining a duty cycle threshold based at least in part on a capacity 

of the power source and an operational time of the negative pressure apparatus. In some 

embodiments, the method can further comprise providing an indication in response to 

determining that the duty cycle exceeds the duty cycle threshold.  

[0024] In some embodiments, the source of negative pressure can be a miniature, 

disposable pump, powered by a power source, such as a battery source. The pump assembly 

can be configured to provide therapy for a predetermined period of time, such as 

approximately 1 day, 2-10 days, greater than 10 days, etc. In some embodiments, the pump 

assembly can be required to provide uninterrupted therapy for such period of time. In some 

embodiments, the pump assembly can be configured to deactivate itself a predetermined 

period of time (e.g., 7 days, 10 days, etc.) after an initial activation. The algorithms or logic 

disclosed herein can help the pump assembly operate more efficiently in order to prolong 

operational life of the pump assembly by, for instance, conserving power (for example, but 

without limitation, battery power).  

[00251 In some embodiments, the pump assembly can be configured to monitor 

the duty cycle of the source of negative pressure (e.g., a pump). As is used herein, "duty 

cycle" reflects the amount of time the source of negative pressure is active or running over a 

period of time. In other words, the duty cycle reflects time that the source of negative 

pressure is in an active state as a fraction of total time under consideration. This can be 

represented mathematically in one embodiment as: 

[0026] DC = t / T, (1) 

[0027] where DC is the duty cycle, t is the duration that the source of negative 

pressure is active, and T is the total time under consideration. Duty cycle can be measured as 

an absolute value (e.g., X seconds), a proportion (e.g., 1/X), a percentage (e.g., X%), etc. For 

example, if over a period of 1 minute the source of negative pressure has been on (or 
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operating) for 6 seconds and off (or not operating) for 54 seconds, the duty cycle can be 

represented as 6 seconds, 1/10, 10%, etc.  

[0028] In some embodiments, the pump assembly can include a controller 

configured to monitor the duty cycle of the source of negative pressure. Duty cycle 

measurements can indicate rate of flow through the system and reflect a level of activity of 

the source of negative pressure. For example, duty cycle can indicate that the source of 

negative pressure is operating normally, working hard, working extremely hard, etc.  

Moreover, duty cycle measurements, such as periodic duty cycle measurements, can reflect 

various operating conditions, such as presence, rate, and/or severity of one or more leaks in 

the system, rate of flow of fluid (e.g., air, liquid and/or solid exudate, etc.) aspirated from a 

wound, and the like. Based on the duty cycle measurements, such as by comparing the 

measured duty cycle to a duty cycle threshold (determined in calibration or at runtime), the 

controller can execute and/or be programmed to execute algorithms or logic that control the 

operation of the system in accordance with various system requirements. For example, duty 

cycle measurements can indicate presence of a high leak in the system, and the controller can 

be programmed to indicate this condition to a user (e.g., patient, caregiver, physician, etc.) 

and/or temporarily suspend or pause operation of the source of negative pressure in order to 

conserve power.  

100291 In some embodiments, the system can be configured to provide indication, 

alarms, etc. reflecting operating conditions to a user. The system can include visual, audible, 

tactile, and other types of indicators and/or alarms configured to signal to the user various 

operating conditions. Such conditions include system on/off, standby, pause, normal 

operation, dressing problem, leak, error, and the like. The indicators and/or alarms can 

include speakers, displays, light sources, etc., and/or combinations thereof. For example, 

indication can be provided by activating or deactivating the source of negative pressure, 

reducing negative pressure level generated by the source of negative, lowering the amount of 

power used by the source of negative pressure, etc. or any combination thereof.  

Reduced Pressure System 

[00301 Figure 1 illustrates an embodiment of a reduced pressure wound treatment 

apparatus 100 comprising a wound dressing 102 in combination with a pump assembly 104.  
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In any of the apparatus embodiments disclosed herein, as in the embodiment illustrated in 

Figure 1, the pump assembly can be a canisterless pump assembly (meaning that the pump 

assembly does not have an exudate or liquid collection canister). However, any of the pump 

assembly embodiments disclosed herein can be configured to include or support a canister.  

Additionally, in any of the apparatus embodiments disclosed herein, any of the pump 

assembly embodiments can be mounted to or supported by the dressing, or adjacent to the 

dressing. The dressing 102 may be placed over a wound (not illustrated) as described in 

greater detail in U.S. Patent Publication No. 2011/0282309 (Exhibit C of U.S. Patent 

Application No. 61/613,456), the disclosure of which is hereby incorporated by reference and 

is made part of this disclosure, and a conduit 106 may then be connected to the dressing 102.  

Dressing 102 or any other dressing disclosed herein can have any of the materials, sizes, 

components, or other details of any of the dressing embodiments disclosed in U.S. Patent 

Publication No. 2011/0282309 (Exhibit C of U.S. Patent Application No. 61/613,456), and 

such embodiments and illustrations thereof are hereby incorporated by reference in their 

entireties as if made part of this disclosure. The conduit 106 or any other conduit disclosed 

herein can be formed from polyurethane, PVC, nylon, polyethylene, silicone, or any other 

suitable material.  

[0031] Some embodiments of the dressing 102 can have a port 108 configured to 

receive an end of the conduit 106 (e.g., the first end 106a of the conduit 106), though such 

port 108 is not required. -In some embodiments, the conduit can otherwise pass through 

and/or under the dressing 108 to supply a source of reduced pressure to a space between the 

dressing 102 and the wound so as to maintain a desired level of reduced pressure in such 

space. Some embodiments of the apparatus 100 can be configured such that the first end 

106a of the conduit 106 is preattached to the port 108. The conduit 106 can be any suitable 

article configured to provide at least a substantially sealed fluid flow pathway between the 

pump assembly 104 and the dressing 102, so as to supply the reduced pressure provided by 

the pump assembly 104 to the dressing 102.  

[0032] The dressing 102 can be provided as a single article with all wound 

dressing elements (including the port 108) pre-attached and integrated into a single unit. The 

wound dressing 102 may then be connected, via the conduit 106, to a source of negative 

pressure such as the pump assembly 104. In some embodiments, though not required, the 
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pump assembly 104 can be miniaturized and portable like the PICO pump available from 

Smith & Nephew, although larger conventional pumps such as the RENASYS GO or 

RENASYS EZ pumps available from Smith & Nephew can also be used with the dressing 

102.  

[0033] The wound dressing 102 can be located over a wound site to be treated.  

The dressing 102 can form a substantially sealed cavity or enclosure over the wound site. It 

will be appreciated that throughout this specification reference is made to a wound. In this 

sense it is to be understood that the term wound is to be broadly construed and encompasses 

open and closed wounds in which skin is torn, cut or punctured or where trauma causes a 

contusion, or any other surficial or other conditions or imperfections on the skin of a patient 

or otherwise that benefit from reduced pressure treatment. A wound is thus broadly defined 

as any damaged region of tissue where fluid may or may not be produced. Examples of such 

wounds include, but are not limited to, acute wounds, chronic wounds, surgical incisions and 

other incisions, subacute and dehisced wounds, traumatic wounds, flaps and skin grafts, 

lacerations, abrasions, contusions, bums, diabetic ulcers, pressure ulcers, stoma, surgical 

wounds, trauma and venous ulcers or the like. In some embodiments, the components of the 

TNP system described herein can be particularly suited for incisional wounds that exude a 

small amount of wound exudate.  

[0034] Some embodiments of the apparatus are designed to operate without the 

use of an exudate canister. The dressing 102 can be configured to have a film having a high 

water vapour permeability to enable the evaporation of surplus fluid, and can have a 

superabsorbing material contained therein to safely absorb wound exudate. Some 

embodiments of the apparatus are designed for single-use therapy and can be disposed of in 

an environmentally friendly manner after an approximately maximum usage of from seven to 

eleven days. The pump can be programmed to automatically terminate therapy after a desired 

number of days, e.g., after seven days, further operation of the pump will not be possible.  

Some embodiments are designed for longer or repeated usage, and can be configured to 

support an exudate canister.  

[0035] In some embodiments, the tubing 106 can have a connector 112 positioned 

at a second end 106b of the tubing 106. The connector 112 can be configured to couple with 

a short length of conduit 114 projecting from the pump assembly 104, with a mating 
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connector 114a in communication with the short length of conduit 114, with a connector 

supported by the pump housing (as described in greater detail below), or otherwise. The 

length of the tubing 114 in some embodiments can be approximately 14 mm (.55 in), or from 

approximately .5 in to approximately 5 inches. The short length of conduit or tubing 114 can 

decrease the discomfort to a patient while laying or otherwise resting on the pump and 

connector 112. Configuring the pump assembly 104 and tubing 106 so that the tubing 106 

can be quickly and easily removed from the pump assembly 104 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 of the connection configurations disclosed herein 

between the tubing and the pump.  

[0036] In some embodiments, as in the illustrated embodiment, the pump 

assembly 104 can be of a sufficiently small and portable size to be supported on a user's body 

or in a user's clothing. For example, the pump assembly 104 can be sized to be attached 

using adhesive medical tape or otherwise to a person's skin in a comfortable location, 

adjacent to or on the dressing 102 or otherwise. Further, the pump assembly 104 can be 

sized to fit within a person's pants or shirt pocket, or can be tethered to a person's body using 

a lanyard, pouch, or other suitable device or article.  

[0037] In some embodiments, the pump assembly 104 can be powered by one or 

more batteries (for example, two batteries). The negative pressure range for some 

embodiments of the present disclosure can be approximately -80 mmHg, or between about 

-20 mmHg and -200 mmHg. Note that these pressures are relative to normal ambient 

atmospheric pressure thus, -200 mmHg would be about 560 mmHg in practical terms. In 

some embodiments, the pressure range can be between about -40 mmHg and -150 mmHg.  

Alternatively a pressure range of up to -75 mmHg, up to -80 mmHg or over -80 mmHg can 

be used. Also in other embodiments 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 apparatus 100. Other details regarding the operation of the pump assembly 

104 are set forth in U.S. Patent Publication No. 2011/0282309 (Exhibit C of U.S. Patent 

Application No. 61/613,456), and such embodiments, configurations, details, and illustrations 

thereof are hereby incorporated by reference in their entireties as if made part of this 

disclosure.  
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[0038] The pump assembly 104 can have a housing 120 comprising a control 

button 122 (which can also be a switch or other similar component) and one or more lights, 

which can be LED lights. In some embodiments, the pump assembly 104 can have more than 

one button 122, and can have three or more lights. The lights can be configured to alert a 

user to a variety of operating and/or failure conditions of the pump assembly 104, including 

alerting the user to normal or proper operating conditions, pump failure, power supplied to 

the pump or power failure, the condition or voltage level of the batteries, detection of a leak 

within the dressing or flow pathway, suction blockage, or any other similar or suitable 

conditions or combinations thereof.  

[0039] In operation, the wound dressing 102 is sealed over a wound site forming a 

wound cavity. The pump assembly 104 provides a source of a negative pressure to the 

dressing 102. Fluid is drawn towards the orifice through the wound dressing from a wound 

site below a wound contact layer of the wound dressing 102. The fluid moves towards the 

orifice through a transmission layer, which could be a layer of porous material located above 

the contact layer. As the fluid is drawn through the transmission layer, wound exudate is 

absorbed into the absorbent layer.  

[0040] Figure 2 illustrates a pump assembly 104 according to some embodiments.  

Preferably, the pump assembly 104 can be miniaturized and portable, although larger 

conventional portable or non-portable (e.g., wall suction) pumps can also be used. The pump 

assembly 104 can include a switch or a button 122, illustrated as a play/pause button located 

on the exterior of the housing of the pump assembly. As is disclosed in U.S. Patent 

Application No. 13/287,959 (Exhibit A of U.S. Patent Application No. 61/613,456), 

published as U.S. Patent Publication No. 2012/0136325, the button 122 can be configured to 

stop, pause, and/or restart therapy, and such embodiments and illustrations thereof are hereby 

incorporated by reference in their entireties as if made part of this disclosure. Although 

illustrated as a press button 122, other types of switches or buttons can be included, such as a 

touchpad, touch screen, keyboard, and so on.  

[0041] The pump assembly 104 can further include a connector 1050 (for 

connecting a conduit, e.g., conduit 106), and three LED indicators 1062, 1064, and 1066. As 

is illustrated, LED indicator 1062 (e.g., OK indicator) can be configured to indicate 

normal/abnormal operation of the system. For example, an active (e.g., lit) indicator 1062 
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can represent normal operation. LED indicator 1064 (e.g., dressing indicator) can be 

configured to indicate a leak in the system. For example, an active (e.g., lit) indicator 1064 

can represent a leak. LED indicator 1066 (e.g., battery indicator) can be configured to 

indicate a remaining capacity or life of a power source (e.g., batteries). For example, an 

active (e.g., lit) indicator 1066 can represent a low capacity. In some embodiments, the 

indicators 1062, 1064, and 1066 can be of a different color, two different colors (e.g., two 

indicators can share the same color), or same color. Although the pump assembly preferably 

includes three LED indicators and a push play/pause button, other configurations, locations, 

and types of indicators, alarms, and switches can alternatively be used. In some 

embodiments, the pump assembly 104 can include visual, audible, tactile, and other types of 

indicators or alarms configured to signal to the user various operating conditions. Such 

conditions include system on/off, standby, pause, normal operation, dressing problem, leak, 

error, and the like. The indicators can include speakers, displays, light sources, etc., and/or 

combinations thereof.  

[0042] Figure 3 illustrates an electrical component schematic of the pump 

assembly 104 according to some embodiments. Module 1140, which can be a control board 

(e.g., printed circuit board assembly), can include an input/output (I/O) module 1150, 

controller 1160, and memory 1170. In some embodiments, module 1140 can include 

additional electric/electronic components, for example, fuse or fuses. The controller 1160 

can be a microcontroller, processor, microprocessor, etc. or any combination thereof. For 

example, the controller 1160 can be of STM8L MCU family type from ST Microelectronics, 

such as STM8L 151G4U6, or of MC9SO8QE4/8 series type from Freescale, such as 

MC9SO8QE4CWJ. Preferably, the controller 1160 is a low power or ultra low power device, 

but other types of devices can alternatively be used. Memory 1170 can include dne or more 

of volatile and/or nonvolatile memory modules, such as one or more of read-only memory 

(ROM), write once read many memory (WORM), random access memory (e.g.., SRAM,.  

DRAM. SDRAM, DDR, etc.), solid-state memory, flash memory, magnetic storage, etc. or 

any combination thereof. Memory 1170 can be configured to store program code or 

instructions (executed by the controller), system parameters, operational data, user data, etc.  

or any combination thereof. In some embodiments, the pump assembly 104 includes multiple 

controllers.  
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[0043] The I/O module 1150 can be configured to function as an interface 

between the controller 1160 and other system components that provide and/or are responsive 

to electromagnetic signals. In other words, the I/O module 1150 can be configured to allow 

the controller 1160 to monitor the operation of the system and to control other components of 

the system. In some embodiments, as is illustrated, the I/O module 1150 can be in 

electromagnetic communication with a button 122, indicators 1060, pressure sensor 1070, 

power source 1130, and source of negative pressure 1090. The source of negative pressure 

can be can be of any suitable type such as, without limitation, a rotary diaphragm pump or 

other diaphragm pump, a piezoelectric pump, a peristaltic pump, a piston pump, a rotary vane 

pump, a liquid ring pump, a scroll pump, a diaphragm pump operated by a piezoelectric 

transducer, a voice coil pump, or any other suitable pump or micropump or any combinations 

of the foregoing. The I/O module can comprise an interface or multiple interfaces configured 

to communicate with various components. The interface can include standard and/or non

standard ports, such as serial ports, parallel ports, bus interfaces, etc. or any combination 

thereof.  

[0044] In some embodiments, the pump assembly 104 can be configured to 

control the operation of system. For example, the pump assembly 104 can be configured to 

provide a suitable balance between an uninterrupted delivery of therapy and/or avoidance of 

inconveniencing the user by, for example, frequently or needlessly pausing or suspending 

therapy, etc. and conserving power, limiting noise and vibration generated by the negative 

pressure source, etc. Controlling of the operation of the pump assembly 104 can be 

performed according to any of the embodiments disclosed in U.S. Patent Application No.  

13/287,959 (Exhibit A of U.S. Patent Application No. 61/613,456), published as U.S. Patent 

Publication No. 2012/0136325, and/or International Application No. PCT/GB2011/051745 

(Exhibit B of U.S. Patent Application No. 61/613,456), published as WO 2012/038724, and 

such embodiments and illustrations thereof are hereby incorporated by reference in their 

entireties as if made part of this disclosure. Various methods or algorithms of controlling the 

operation of the pump assembly 104 can be executed by the controller 1160, which can be 

configured to activate/deactivate the source of negative pressure 1090, provide indications to 

the user, and respond to signals provided by the button 122, etc.  
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[0045] In some embodiments, the pump assembly 104 can be configured to 

monitor a duty cycle of the source of negative pressure 1090. For example, the controller 

1160 can be configured to monitor the duty cycle periodically and/or continuously. Duty 

cycle measurements can reflect various operating conditions of the system, such as presence 

and/or severity of leaks, rate of flow of fluid (e.g., air, liquid and/or solid exudate, etc.) 

aspirated from wound, and so on. For example, duty cycle measurements can indicate 

presence of a high leak, and the pump assembly can be configured to indicate this condition 

and/or temporarily suspend or pause operation of the pump in order to conserve power. This 

functionality can, for example, conserve battery power and allow transient and/or non

transient leaks to become resolved without user intervention or allow the user to fix the leak 

(e.g., straighten the dressing, fix the seal, check the connection or connections, etc.).  

[0046] In some embodiments, the pump assembly 104 can be configured to 

periodically monitor the duty cycle, such as once between every 10 seconds or less and 5 

minutes or more. In some embodiments, the pump assembly can be configured to monitor 

the duty cycle once per minute. As is explained above, duty cycle can be represented 

mathematically as: 

[0047] DC=t/T (2) 

[0048] where DC is the duty cycle, t is the duration that the source of negative 

pressure is active, and T is the total time under consideration. In case of monitoring the duty 

cycle once per minute (i.e., T = 60 seconds), the duty cycle can be expressed (e.g., in percent) 

as: 

[0049] DC = (Pump run time during the elapsed minute / 60) * 100% (3) 

[0050] Figure 4 illustrates a graph 1600 depicting a duty cycle determination for 

the pump assembly 104 according to some embodiments. The x-axis represents time and the 

y-axis represents pressure. In some embodiments, the pump assembly 104 can be configured 

to establish a desired negative pressure level of -100 mmHg under the dressing 102, as is 

represented by position 1606. For example, this can be performed during an initial pump 

down in state 1260, as is disclosed in U.S. Patent Application No. 13/287,959 (Exhibit A of 

U.S. Patent Application No. 61/613,456), published as U.S. Patent Publication No.  

2012/0136325, and such embodiments and illustrations thereof are hereby incorporated by 

reference in their entireties as if made part of this disclosure. The pump assembly can be 
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configured to monitor the level of negative pressure under the dressing 102. For example, 

this can be performed in the monitor state 1280, as is disclosed in U.S. Patent Application 

No. 13/287,959 (Exhibit A of U.S. Patent Application No. 61/613,456), published as U.S.  

Patent Publication No. 2012/0136325, and such embodiments and illustrations thereof are 

hereby incorporated by reference in their entireties as if made part of this disclosure. As is 

illustrated, the pump assembly can monitor pressure over the period of time a,. as represented 

by interval 1602. The level of negative pressure under the dressing 102 can decay over time 

(e.g., due to leaks in the system), as is illustrated by line 1620.  

[0051] In some embodiments, the pump assembly 104 can be configured to 

restore or reestablish the negative pressure level under the dressing 102 when that pressure 

decays to reach or pass a threshold of approximately -60 mmHg, as is represented by position 

1608. In some embodiments, the pump assembly can be configured to activate the pump, as 

is illustrated by line 1622. For example, this can be performed by transitioning to the 

maintenance pump down state 1290, as is disclosed in U.S. Patent Application No.  

13/287,959 (Exhibit A of U.S. Patent Application No. 61/613,456), published as U.S. Patent 

Publication No. 2012/0136325, and such embodiments and illustrations thereof are hereby 

incorporated by reference in their entireties as if made part of this disclosure. As is 

illustrated, the pump assembly can activate the pump for a time duration b (1604) until the 

negative pressure level of -100 mmHg is reestablished under the dressing 102. The pump 

assembly can be configured to deactivate the pump when the level of pressure under the 

dressing 102 reaches -100 mmHg at position 1610. For example, this can be performed by 

transition to the monitor state 1280, as is disclosed in U.S. Patent Application No.  

13/287,959 (Exhibit A of U.S. Patent Application No. 61/613,456), published as U.S. Patent 

Publication No. 2012/0136325, and such embodiments and illustrations thereof are hereby 

incorporated by reference in their entireties as if made part of this disclosure. The duty cycle 

(DC) over the period illustrated in 1600 (i.e., a + b) can be expressed (e.g., in percent) as: 

[0052] DC = 100% * [b / (a + b)] (4) 

[0053] In order to determine the duty cycle, the pump assembly 104 can be 

configured to monitor the duration of time that the pump has been active (e.g., the pump run 

time) and/or inactive. In some embodiments, the pump assembly (e.g., controller 1160) can 

be configured to compare the determined duty cycle to a duty cycle threshold, which can be 
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selected from the range between 1% or less and 50% or more (e.g., 9%). The comparison can, 

for example, indicate presence of a leak in the system. In other words, if the pump remains 

active over a period of time so that the duty cycle threshold is reached or exceeded, the 

source of negative pressure may be working too hard to overcome the leak. In such cases, the 

pump assembly can be configured to suspend or pause the delivery of therapy. The pump 

assembly can be configured to provide an indication to the user that the pump is working 

hard (e.g., duty cycle exceeds the duty cycle threshold) by, for example, deactivating the 

source of negative pressure. In some embodiments, the duty cycle threshold can be a preset 

value, set or changed by the user, and/or varied based on various operating conditions or on 

any combination thereof.  

Dynamic Duty Cycle Threshold Determination 

[0054] In some embodiments, the pump assembly 104 determines and adjusts the 

duty cycle threshold at run time (or dynamically). For example, the controller 1160 can be 

configured to determine the duty cycle threshold periodically and/or continuously, such as 

approximately every 1 second or less, 30 seconds or less or more, 1 minute or less or more, 

10 minutes or less or more, 30 minutes or less or more, 1 hour or less or more, and so on.  

The duty cycle threshold can be based at least in part on a capacity of the power source 1130 

and an operational time of the apparatus (e.g., pump assembly 104). As explained above, the 

pump assembly can be configured to provide therapy for a predetermined period of time, and 

deactivate itself a predetermined period of time after an initial activation. For instance, such 

predetermined period of time (or lifetime threshold) can be between 1 day or less or 10 days 

or more, such as 7 days (or 168 hours), 10 days (or 240 hours), etc. The power source 1130 

can be configured or selected to have sufficient capacity to provide power to the pump 

assembly 104 until the pump assembly has been in operation for an amount of time that 

equals or exceeds the lifetime threshold. In some embodiments, the apparatus (e.g., via 

controller 1160) can be configured to determine the operational time based on a total elapsed 

time since an initial activation of the apparatus and disable activation of the source of 

negative pressure when the operational time reaches the lifetime threshold.  

[0055] In certain embodiments, the determined duty cycle is communicated to the 

user using the indicators 1060. Because the duty cycle can be correlated with the leak rate 
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experienced the by the system, it can be advantageous for the user to know the leak rate. The 

duty cycle can be indicated using the LEDs 1062, 1064, and 1066, which can be flashed 

and/or lit in any suitable sequence when the determined duty cycle falls into a particular 

range. For example, when the determined duty cycle is between 0% and 2%, LEDs 1062 and 

1064 can be turned off and LED 1066 can be turned on or can be flashing. As another 

example, the duty cycle can be indicated via a beep sequence played back by a speaker or the 

duty cycle can be displayed on a screen. In some embodiments, the pump assembly 104 is 

configured to indicate the measured duty cycle by pressing the button 122 for a suitable 

period of time, such as for 3 seconds. Multiple determined duty cycle values can be 

combined, such as averaged, and the combined duty cycle value can be indicated to the user.  

In various embodiments, other operating parameters are indicated to the user. Such operating 

parameters include power source capacity, total operational time, leak rate (as measured 

directly or indirectly), and the like.  

[0056] According to some aspects, adjusting the duty cycle threshold may be 

beneficial for several reasons. In some embodiments, the duty cycle threshold can represent a 

balance between the desire to provide therapy to the user with none or fewer interruptions 

and the need to conserve power. For example, in a situation when there is a leak in the 

system, the pump assembly 104 can be configured to provide therapy for a certain period of 

time before providing an indication to the user that a leak has been detected, which can 

include deactivating the delivery of therapy. After the leak has been remedied, delivery of 

therapy can be restarted. However, increasing the duty cycle threshold can advantageously 

result in fewer interruptions of the delivery of therapy.  

[0057] In some embodiments, the duty cycle threshold can be determined based at 

least on the capacity of the power source 1130 and the operational time of the pump assembly 

104. The controller 1160 can be configured to monitor the operational time (or remaining 

lifetime) of the pump assembly and the capacity of power source. The controller 1160 can be 

configured to monitor the operational time of the pump assembly 104 by, for example, 

maintaining and periodically updating a counter. The capacity of the power source can be 

monitored, for example, by measuring the voltage of the power source, current of the power 

source, etc. A dedicated circuit (e.g., a resistor placed in series or parallel with the power 
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source), sensor, or combination thereof can be employed to monitor the capacity of the power 

source.  

[00581 In some embodiments, the duty cycle threshold can be represented as a 

function of two variables as follows: 

[0059] - DC threshold= C1 x(operational time + C2)x(capacity + C3 ) (5) 

[0060] where C1, C2 , and C3 are constants and capacity is the capacity of the 

power source.  

[0061] Because the operational time and capacity of power source are related, 

function (5) can be represented as a quadratic function according to some embodiments. As 

is depicted by graphs 500A, 500B, and 500C in Figure 5A, 5B, and 5C respectively, a duty 

cycle determination or adjustment tailored to a particular set of system requirements can be 

obtained by varying the constants of a quadratic equation as follows: 

[0062] f(x)= a*x 2 ±b*x + c (6) 

[0063] where a, b, and c are constants and x is a variable that corresponds to the 

capacity of the power source and operational time. Equation 6 can be rewritten as: 

[00641 f(x)= a*(x - p)2 +,y (7) 

[0065] where a, P, and y are constants. Value of a affects the rate of increase or 

gradient of the graph, while values of P and y are cause the graph to move horizontally and 

vertically. As is illustrated in Figure 5A, selecting a that is greater than one (e.g., a > 1) 

provides a more rapidly increasing function, such as f(x) = 2x2, (e.g., represented by a 

narrower graph 504) than a reference function, such as f(x) = x2, (e.g., represented graph 

502). Similarly, selecting a that is smaller than one but is positive (e.g., 0 < a < 1) provides a 
2 less rapidly increasing function, such as f(x) = 0.5x , (e.g., represented by a wider graph 506) 

than the reference function (e.g., represented by graph 502). As is depicted in Figure 5B, 

selecting a positive y (e.g., y > 0), such as f(x) = x2 + 1, results in moving the graph upward 

(e.g., graph 508) as compared with the reference function (e.g., represented by graph 502).  

Similarly, selecting a negative y (e.g., y < 0) results in moving the graph downward (not 

shown) as compared with the reference function. As is illustrated in Figure 5C, selecting a 

positive P (e.g., p > 0), such as f(x) = (x - 2)2, results in moving the graph to the right (e.g., 

graph 510) as compared with the reference function (e.g., represented by graph 502).  
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Similarly, selecting a negative $ (e.g., p < 0), results in moving the graph to the left (not 

shown) as compared with the reference function.  

[0066] Accordingly, in some embodiments, the constants a, p, and y in equation 

(7) can be selected and/or adjusted at runtime so as to tailor the duty cycle threshold 

determination in accordance with a particular set of requirements. For example, as the pump 

assembly 104 approaches the end of life (e.g., operational time approaches the lifetime 

threshold, such as 7 days, 10 days, etc.), it can be advantageous to increase the duty cycle 

threshold when the capacity of the power source is still relatively sufficient. Increasing the 

duty cycle threshold causes an increase in the allowed duty cycle of the source of negative 

pressure 1090. In turn, this allows the source of negative pressure to remain active over a 

longer period of time. As a result, therapy is provided for a longer period of time even if 

leaks are present in the system. As another example, because the duty cycle threshold is a 

positive value, a modulus function (e.g., If(x) or abs(f(x))) may be applied the duty cycle 

threshold determined according to any equation disclosed herein to ensure that the resulting 

duty cycle threshold is positive.  

[0067] In some embodiments, the constants a, P, and y can be preselected or 

predetermined values. In some embodiments, the constants a, p, and Y can be adjusted at 

runtime (or over the operational life of the pump assembly 104). Such adjustment can be 

performed in response to a change in or detection of various operational conditions, such as 

frequency of detection of leaks, severity of leaks, type of therapy being delivered (e.g., 

continuous, intermittent, etc.), duration of various types of therapy, frequency of delivery of 

various types of therapy, and so on. The adjustment can be performed periodically, such as 

every hour or less, every day or less or more, etc.  

[0068] In some embodiments, the duty cycle threshold can be determined 

according to a quadratic function. In some embodiments, the duty cycle threshold can be 

determined according to any other suitable function, such as a linear function and/or 

equation, a non-linear function and/or equation, and the like. The controller 1160 can be 

configured to determine the duty cycle threshold, for example, periodically (e.g., every hour).  

In some embodiments, the controller is configured to determine the duty cycle threshold 

(DCT) according to the equation: 

[00691 DCT = ax (capacity of the power source -P) x (operational time -p3) +,y (8) 
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[0070] where a, P, and y are constants. In some embodiments, suitable values of 

constants are a = 1/16384, p = 1460, and y = -150. It will be appreciated that it may be 

advantageous to set a to a value that is a power of two (e.g., 1/16384 is 24) in order to 

reduce the computational complexity of the duty cycle threshold determination. When a is 

set to a power of two, the controller 1160 can perform bit shift operation(s) instead of 

performing more computationally intensive multiplication or division operation(s). In some 

embodiments, the capacity of the power source in equation (8) is represented in hundredth of 

volts and the operational time is represented in hours. In other embodiments, other 

representations of the capacity of the power source and/or operational time can be used. In 

some embodiments, different constants can be subtracted from the capacity of the power 

source and operational time (e.g., pi and P2, which are different). In embodiments where 

equation (8) is used and a = 1/16384, P = 1460, and y = -150, a modulus function may be 

applied to the determined duty cycle threshold to ensure that the resulting duty cycle 

threshold value is positive.  

[00711 In some embodiments, the determined duty cycle threshold may be bound 

by a lower bound and/or an upper bound. For example, the duty cycle threshold determined 

using equation (8) can have a lower bound of approximately 9% or lower and an upper bound 

of approximately 18% or higher when the source of negative pressure is a Koge Electronics 

KPV8A-3A pump, as is disclosed in U.S. Patent Application No. 13/287,959 (Exhibit A of 

U.S. Patent Application No. 61/613,456), published as U.S. Patent Publication No.  

2012/0136325, and such embodiments and illustrations thereof are hereby incorporated by 

reference in their entireties as if made part of this disclosure. Other lower and/or upper 

bound values can be used depending on the characteristics of the source of negative pressure 

1090 (e.g., pump efficiency, which can be measured by fluid flow rate). For example, for a 

more efficient pump, suitable lower and upper bounds can be selected as 10% to 20%, 10% 

to 25%, 15% to 25%, 15% to 25%, 15% to 30%, 15% to 35%, 20% to 40%, 25% to 30%, 

25% to 35%, 25% to 40%, 25% to 45%, 25% to 60%, 30% to 45%, 30% to 50%, 30% to 

70%, 35% to 40%, 35% to 45%, 35% to 50%, 35% to 65%, 35% to 70%, 40% to 50%, 40% 

to 85%, etc. Lower and/or upper bound values can be integer and/or non-integer values.  

[0072] In some embodiments, the parameters of the duty cycle threshold 

determination (e.g., constants a, p, and y) can be preselected and/or adjusted so that the 
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determination of the duty cycle threshold provides a threshold value that is approximately 

equal to the lower bound (e.g., 9%) when the pump assembly 104 is near the beginning of its 

operational life. For instance, the duty cycle threshold can be 9% during the first several days 

of operation of the pump assembly when the lifetime threshold of the pump assembly is 7 

days or 10 days (e.g., in presence of a low flow leak, the duty cycle threshold can start at the 

lower bound and increase after completing approximately the first day of operation). As the 

pump assembly nears the lifetime threshold (e.g., 7 days, 10 days, etc.), the duty cycle 

threshold can be increased provided that there is sufficient capacity of the power source (e.g., 

in presence of a high flow leak, the duty cycle threshold may reach the upper bound near the 

end of life, such as approximately at the sixth day of operation). For example, if there is 

sufficient capacity of the power source at day 6 of operation, duty cycle threshold 

determination can provide a threshold value that is approximately equal to the upper bound 

(e.g., 18%). In some embodiments, the parameters of the duty cycle threshold determination 

(e.g., constants a, P, and y) can be preselected so that the duty cycle threshold is increased 

near the end of life of the pump assembly 104. In some embodiments, the parameters of the 

duty cycle threshold determination are adjusted at runtime.  

[00731 In some embodiments, a suitable range of values of constant a can be 

selected based at least in part on the desired lower and upper bounds of the duty cycle 

threshold. As is illustrated in Figures 5A-5C, value of a affects the rate of increase or 

gradient of the quadratic equations (7) and/or (8). Accordingly, value of a is at least partially 

correlated with the lower and upper bounds of the duty cycle threshold.  

[0074] For example, the lower bound of approximately 9% and an upper bound of 

approximately 18% can be selected, and p can be set to -46595 (which as explained below, 

provides the maximum value of the product in equation (8)). In this case, as is illustrated in 

Figure 6A, a = 2~16 is suitable (y = -33255). Figure 6A illustrates duty cycle threshold 

determination 600A over the operational life of the pump assembly 104 according to some 

embodiments. The x-axis represents operational time in hours (e.g., 168 corresponds to 7 

days), and the y-axis represents the duty cycle threshold as a percentage scale (e.g., 60 

corresponds to 6% and 210 corresponds to 21%). Duty cycle threshold determination 600A 

is illustrated in presence of a low flow leak (curve 602A), low-medium flow leak (curve 

604A), medium-high flow leak (curve 606A), high flow leak (curve 608A), and very high 
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flow leak (curve 610A). Such leak conditions can cause various levels of decline or decay in 

the capacity of the power source over the operational life of the pump assembly 104. For 

example, the capacity of the power source may remain robust over the operational life of the 

pump assembly in presence of a low leak. In contrast, the capacity of the power source may 

be rapidly drained in presence of a very high leak. Thus, in some embodiments, the 

separation between the curves 602A-610A should be sufficient in order to reflect the 

respective drains on the capacity of the power source resulting from the operation of the 

source of negative pressure.  

[0075] As is illustrated by curve 602A, in presence of a low leak the determined 

duty cycle threshold reaches a desired upper bound of 18% when the pump assembly 104 

nears the end of operational life (e.g., reaches approximately 150 hours of operation, which 

corresponds to 6.25 days). In addition, the duty cycle threshold in curve 602A starts to 

increase soon after initialization (e.g., approximately 10 hours into the operational life). In 

some embodiments, this may be due to the fact that the capacity of the power source remains 

high throughout the operational life of the pump assembly when a low flow leak is present.  

Further, as is illustrated in Figure 6A, the lower bound of duty cycle for curves 602A-61 OA is 

a desired 9%.  

[0076] Because other curves 604A, 606A, 608A, and 610A depict operation of 

the pump assembly 104 in presence of more severe leaks than depicted by curve 602A, the 

duty cycle threshold does not rise quite as rapidly for curves 604A-610A. In some 

embodiments, this is so because the capacity of the power source is drained more rapidly over 

the operational life of the pump assembly 104 as leaks become more severe (e.g., the source 

of negative pressure 1090 works harder when leaks with higher flow are present). For 

example, as is shown by curve 61 OA, the duty cycle threshold does not reach the upper bound 

of 18% when a very high leak is present in the system.  

[0077] In some embodiments, a = 2~1 (which is smaller than 2-16) is not suitable 

(for y=-16561), as is illustrated in Figure 6B, which depicts duty cycle threshold 

determination 600B over the operational life of the pump assembly 104. The x-axis 

represents operational time in hours (e.g., 168 corresponds to 7 days), and the y-axis 

represents the duty cycle threshold as a percentage scale (e.g., 60 corresponds to 6% and 210 

corresponds to 21%). Duty cycle threshold determination 600B is depicted in presence of a 
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low flow leak (curve 602B), low-medium flow leak (curve 604B), medium-high flow leak 

(curve 606B), high flow leak (curve 608B), and very high flow leak (curve 61 OB).  

[00781 As is illustrated by curve 602B, in the presence of a low leak, duty cycle 

threshold does not reach the desired upper bound of 18% when the pump assembly 104 nears 

the end of operational life. The depicted upper bound is approximately 16%. In addition, the 

lower bound of the duty cycle threshold for curves 602B-61 OB is higher than the desired 9% 

(e.g., the lower bound is between 11% and 12%). Moreover, there is insufficient separation 

between the curves 602B-61 OB.  

[0079] Based on the duty cycle determinations depicted in Figures 6A and 6B, in 

some embodiments, the minimum value of constant a can be selected as 2-16 (or 1/65536).  

In some embodiments, the maximum value of a = 2-8 is suitable (p = -10, y = -16561), as is 

illustrated in Figure 6C. Figure 6C depicts duty cycle threshold determination 600C over the 

operational life of the pump assembly 104 according to some embodiments. The x-axis 

represents operational time in hours (e.g., 168 corresponds to 7 days), and the y-axis 

represents the duty cycle threshold as a percentage scale (e.g., 60 corresponds to 6% and 210 

corresponds to 21%). Duty cycle threshold determination 600C is depicted in presence of a 

low flow leak (curve 602C), low-medium flow leak (curve 604C), medium-high flow leak 

(curve 606C), high flow leak (curve 608C), and very high flow leak (curve 610C).  

[0080] As is illustrated by curve 602C, in the presence of a low leak, duty cycle 

threshold reaches the desired upper bound of 18% when the pump assembly 104 nears the 

end of operational life (e.g., 18% is reached at approximately 160 operational hours). In 

addition, the lower bound of the duty cycle threshold for curves 602C-610C is the desired 

9%. There is sufficient separation between the curves 602C-610C. Accordingly, in some 

embodiments, the values of constant a can be selected from the range 2-16 < a 2-8 

(1/65536 < a ! 1/256).  

[0081] In some embodiments, the values of constants p and y can be selected 

based at least in part on the selected value of constant a. As is illustrated in Figures 5A-5C, 

value of p and y shift the graph horizontally or vertically. In some embodiments, values of p 
and y can be selected based at least in part on desired lower and upper bounds of the duty 

cycle threshold. In some embodiments, the value of constant p can be selected so that it 

would not cause an overflow (or overflows) during calculation of the duty cycle threshold.  
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For example, the controller 1160 (e.g., a microprocessor) can be configured to perform 32-bit 

signed integer calculations. In this case, the maximum value that can be represented is 

approximately 2 3 (e.g., 2'-1), which is approximately equal to 2.15*10 9, and the minimum 

values that can be represented is approximately -231 (e.g., -231+1), which is approximately 

equal to -2.15* 109. Maximum and minimum values of constant p that avoid overflows can 

be calculated using equation (8) as follows: 

(P+360)x (P 168)= 2.15 x10 9  (9) 

[0082] where 360 represents the capacity of the power source in hundredth of 

volts (e.g., 2 Lithium batteries rated 1.8V each) and 168 represents operational time in hours 

(e.g., 7 days*24 hours). In order to calculate the maximum and minimum values of constant 

p, constant a can be set to 1 (or 20) and constant y can be set to 0. In other embodiments, 

different values can be used, such as 300 for the capacity of the power source represented in 

hundredth of volts (e.g., 2 AA or AAA batteries rated 1.5V each), and the like. Equation (9) 

can be represented as: 

P'2+528p+(360x168)=2.15x10 9  (10) 

[0083] Solving equation (10) for roots the using quadratic formula provides the 

following values of constant P: -46595 or 46087. Accordingly, values of constant p can be 

selected from the range -46595 s P5 46087.  

[0084] In some embodiments, the controller 1160 can be configured to perform 

32-bit unsigned integer calculations. In this case, the maximum value that can be represented 

is approximately 232 (e.g., 232-1), and the minimum value that can be represented is 0. The 

maximum value can used in equation (9). In some embodiments, the controller 1160 can be 

configured to perform signed integer, unsigned integer, or a combination of both calculations 

on N-bit values, where N is an integer value, and respective maximum (or minimum) values 

can be used in equation (9).  

[0085] In some embodiments, the following values of the constants can be used: 

a = 2-17, P = -100000, and y = -76443. In some embodiments, other suitable values of lower 

and upper bounds can be used to determine suitable range of values of one or more constants 

a, P, and y. For example, the upper bound can be selected as approximately 10%, 15%, 20%, 

27%, 30%, and so on. As another example, the lower bound can be selected as 

approximately 8% or less or more, 10% or less or more, 15% or less or more, and so on. In 
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some embodiments, the values of lower and upper bounds can be selected based at least in 

part on the characteristics of the source of negative pressure (e.g., pump type) and/or capacity 

of the power source (e.g., battery voltage). In some embodiments, the values of constants a, 

p, and y can be selected based on at least one or combination of any number of the following: 

a desired lower bound of the duty cycle threshold, a desired upper bound of the duty cycle 

threshold, characteristics of the source of negative pressure (e.g., efficiency of the pump), 

characteristics of the duty cycle threshold determination (such as not causing any calculation 

overflows), and the like. In some embodiments, the constants a, p, and y can be selected as 

any suitable positive or negative value.  

[00861 In some embodiments, the duty cycle threshold can be determined 

according to various functions of two variables, namely the capacity of the power source and 

operational time. For example, the duty cycle threshold can be determined according a linear 

function: 

[0087] DC threshold = a*x + b*y + c (11) 

[00881 where a, b, and c are constants and x is a variable that corresponds to the 

capacity of power source and y is a variable to corresponds to the operational time. The 

values constants a, b, and c can be selected according to particular requirements and/or 

operational conditions of the system. In some embodiments, the values of the constants a, b, 

and c can be adjusted, such as adjusted periodically.  

[0089] As another example, the duty cycle threshold can be determined according 

to a quadratic function: 

[00901 f(x, y) a*x2 + b*y 2 + c (12) 

[0091] where a, b, and c are constants and x is a variable that corresponds to the 

capacity of power source and y is a variable to corresponds to the operational time. Function 

of equation (12) represents a quadratic surface. For instance, Figure 7 depicts a graph 700 of 

an elliptic paraboloid, which is a type of a quadratic surface. In particular, graph. 700 

represents the following function 

[0092] f(x, y)= 2*x 2 + 2*y 2 - 4 (13) 

[0093] Figure 8 is a flowchart illustrating a process 800 of operation of the pump 

assembly 104 according to some embodiments. The process 800 can be executed by the 

controller 1160. At block 802, the process provides therapy, such as delivers negative 
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pressure, to a wound. This can be performed, for example, by activating the source of 

negative pressure 1090. In some embodiments, the process 800 activates the source of 

negative pressure in response to a user pressing the button 122. At block 804, the process 

800 monitors the duty cycle of the source of negative pressure. This can be performed 

according to any embodiment described in U.S. Patent Application No. 13/287,959 (Exhibit 

A of U.S. Patent Application No. 61/613,456), published as U.S. Patent Publication No.  

2012/0136325, and/or International Application No. PCT/GB2011/051745 (Exhibit B of 

U.S. Patent Application No. 61/613,456), published as WO 2012/038724, and such 

embodiments and illustrations thereof are hereby incorporated by reference in their entireties 

as if made part of this disclosure.  

[0094] At block 806, the process 800 determines the duty cycle threshold 

according to any of the embodiments described above. The process 800 can periodically 

determine the duty cycle threshold, such as every hour, and/or monitor the duty cycle of the 

source of negative pressure, such as every minute. At block 808, the process 800 determines 

whether the duty cycle exceeds the duty cycle threshold. The process 800 can make this 

determination periodically (e.g., every minute). If the duty cycle is determined to not exceed 

the duty cycle threshold, the process 800 transitions to block 802 where it continues to 

deliver negative pressure to the wound. If the duty cycle is determined to exceed the duty 

cycle threshold, the process 800 transitions to block 810 where it provides an indication to 

the user. As explained above, the indication can include stopping delivery of therapy to the 

wound by deactivating the source of negative pressure.  

[0095] As is disclosed in U.S. Patent Application No. 13/287,959 (Exhibit A of 

U.S. Patent Application No. 61/613,456), published as U.S. Patent Publication No.  

2012/0136325, and/or International Application No. PCT/GB2011/051745 (Exhibit B of 

U.S. Patent Application No. 61/613,456), published as WO 2012/038724, in some 

embodiments, the process 800 can monitor a plurality of duty cycles of the source of negative 

pressure over a plurality time durations (such as a plurality of consecutive and equal time 

durations), and determine if a number of duty cycles of the plurality of duty cycles exceed the 

duty cycle threshold. Further, the process 800 can determine if the number of duty cycles that 

exceed the duty cycle threshold exceeds an overload threshold (e.g., 30). The process 800 
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can provide an indication when it is determined that the number of duty cycle that exceed the 

duty cycle threshold exceeds the overload threshold.  

[00961 In some embodiments, duty cycle is determined according to equation (8) 

by taking into account that the capacity of the power source and operational time are different 

variables. In some embodiments, the capacity of the power source depletes over time as a 

function of the operational time. For example, the capacity of the power source (capacity) 

can be represented as a function of operational time (x) according to: 

[0097] capacity = mxx + c (14) 

[0098] Plugging equation (14) into equation (8) provides: 

[0099] DCT= ax(x-p)x(mx x+c-p)+y (15) 

[0100] Performing expansions and simplifications results in: 

[0101] DCT = max 2 ±cax -(I+m)apx- cap+ a0 2 +y (16) 

[01021 In some embodiments, the values of constants m and c are determined by 

approximating the duty cycle and/or the duty cycle threshold at various operating times. For 

example, when the apparatus 100 experiences moderate to low leak conditions, the duty cycle 

threshold can be set at the lower bound of approximately 9% at or near the beginning of life 

of the pump assembly 104. As the pump assembly approaches the end of life (e.g., 168 

operational hours), the duty cycle threshold can be increased to the upper bound of 

approximately 18%. Further, suppose that under moderate to low leak conditions, the 

capacity of the power source 1130 can be approximately 3.3 V at or near the beginning of life 

and decay to approximately 2.58 V at or near the end of life. The values of m and c can be 

calculated by plugging into equation (14) the following {operational time (in hours), capacity 

of the power source (in 1/100 V)} pairs: (0, 330) and (168, 258).  

[0103] 330 = m*0 + c (17a) 

[0104] 258 = 168m + c (17b) 

[0105] Solving the equations (17a) and (17b) provides c 330 and m = -72/168 

(or approximately -0.429).  

[0106] In some embodiments, the values of constants a, p, and y are determined 

as follows. As explained above, it can be advantageous to select a to be a multiple of two.  

The following {operational time (in hours), duty cycle threshold (in % multiplied by 10)} 
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pairs can be plugged into the equation (16): (xi = 0, y' = 90) and (x2 = 168, y2 180). This 

provides: 

[0107] y' = max, +cax -(1+m)ap x] -cap+ap 2+y (18a) 

[0108] y2= max2 + cax 2 -(1+m)apx 2 -cap+ap2+y (18b) 

[0109] Solving the equations (18a) and (18b) for P provides: 

P _ (y] -y 2)-ma(x 1 _x2  
(19) 

(xI -x 2)a(-1-m) 

[0110] Once p has been determined by plugging values for m (e.g., -72/168) and 

for a, y can be determined according to: 

[0111] Y= y-max2 -cax+(1+m)asx+ca-ap 2  (20) 

[0112] For example, selecting a = -2-8 (or approximately -3.906* 10-) and using 

(xj = 0, yj = 90) and (x2= 168, y2 = 180) provides P ~ 691.5 andy ~ 1066.5.  

[0113] In some embodiments, the capacity of the power source is related to the 

operational time according to a linear relationship that is different from equation (14) or 

according to a non-linear relationship. In various embodiments, operational time can be 

represented as a function of the capacity of the power source. In certain embodiments, the 

values of m and c are determined using different assumptions about the operating conditions 

and duty cycle values at different operational times, such as during a high leak condition, no 

leak condition, and the like.  

[0114] In some embodiments, the values of m and c can be determined using 

different duty cycle bounds, operational time bounds, and/or capacities of the power source 

than those used in the foregoing. For example, Table 1 summarizes the determined values 

for m and c according to different operating conditions, duty cycle values, and operational 

times. In addition, values of p and y can be determined using different duty cycle bounds, 

operational times, and values of a. For example, a can be set as -2-8 (or approximately 

-3.906* 10-3).  

Operating Starting Ending Starting Ending 
copertmg operating operating capacity of capacity of 
conditn time time power source power source 
(leak rate) (in hours) (in hours) (in 1/100 V) (in 1/100 V) 

low 0 168 330 279 -0.304 330 
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medium- 0 168 330 258 -0.429 330 
low 

medium- 0 168 330 237 -0.554 330 
high 
high 0 168 330 216 -0.679 330 

very high 0 168 330 195 -0.804 330 
Table 1 

[0115] Figure 9 illustrates duty cycle threshold determinations 900 over the 

operational life of the pump assembly 104 according to some embodiments. As in Figures 

6A-6C, the x-axis represents operational time in hours (e.g., 168 corresponds to 7 days), and 

the y-axis represents the duty cycle threshold as a percentage scale (e.g., 90 corresponds to 

9%). Duty cycle threshold determination 900 is illustrated in presence of a low flow leak 

(curve 902), low-medium flow leak (curve 904), medium-high flow leak (curve 906), high 

flow leak (curve 908), and very high flow leak (curve 910). As is illustrated, at or near the 

beginning of life of the pump assembly 104, the duty cycle threshold is set to 9%. In 

presence of a low leak (curve 902), the determined duty cycle threshold increases over the 

operational life of the pump assembly 104, reaching and exceeding 27% because the capacity 

of the power source remains robust. In contrast, as the curves 904, 906, 908, and 910 depict 

the operation of the pump assembly 104 in the presence of more severe leaks than that 

depicted by curve 902, the duty cycle threshold does not rise quite as rapidly for curves 904

910. In some embodiments, this is so because the capacity of the power source is drained 

more rapidly over the operational life of the pump assembly 104 as leaks become more severe 

(e.g., the source of negative pressure 1090 works harder when leaks with higher flow are 

present). For example, in the presence of a very high leak (curve 910), the determined duty 

cycle threshold decreases over the operational life of the pump assembly 104, remaining 

below 9% starting value of the duty cycle threshold throughout the operational life of the 

pump assembly 104.  

[01161 The curves illustrated in Figure 9 can be determined according to 

equations (16) through (20). For example, a can be set as -2 (or approximately 

-3.906* 10- ). As another example, curve 904 corresponding to low-medium leak conditions 

can be generated by using p ~ 691.5 and y ~ 1066.5. In other embodiments, a can be set to 

any suitable value that is a power of two or not a power of two, and the values of P and y can 

be determined as explained above. The transitions illustrated by curves 902-910 are smooth 
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over the lifetime of the pump assembly 104. The curves 902-910 maintain sufficient 

separation between the respective leak rates.  

[0117] Figure 10 illustrates duty cycle threshold determination 1000 over the 

operational life of a pump assembly according to some embodiments. The plot 1000 has been 

generated by applying a PICO pump assembly to a wound model, while maintaining a 

constant air leak (e.g., 4mL/min). Data for generating the plot 1000 was collected in real

time while the PICO pump assembly was operating on the wound model. The the x-axis 

represents operational time in hours (e.g., 168 corresponds to 7 days), the y-axis on the left 

side represents the duty cycle threshold as a percentage scale (e.g., 90 corresponds to 9%), 

and the y-axis on the right side represents the capacity of the power source in 1/100 of a volt 

(e.g., 282 corresponds to 2.82 V).  

[0118] Curve 1002 illustrates the capacity of the power source over the 

operational lifetime of the PICO pump assembly. As is illustrated, at or near the beginning of 

life, the capacity of the power source is approximately 3.18 V. The capacity of the power 

source decays to about 2.92 V after about 53 hours of operation and remains at that level until 

the end of life is reached. The duty cycle threshold illustrated by curve 1004 starts at about 

5.3% at or near the beginning of life and rises to about 32.5% at or near the end of life.  

Truncated duty cycle threshold, which is the duty cycle threshold clipped to remain in the 

range between a lower bound of 9% and an upper bound of 18% is illustrated by curve 1006.  

[0119] Data collected during the experiment conduced with the PICO pump 

assembly and shown in Figure 10 illustrates that, in some embodiments, performing the 

dynamic duty cycle threshold determination according to the present disclosure allows the 

pump assembly to deliver optimal or substantially optimal negative pressure therapy in the 

presence of leaks. By monitoring the capacity of the power source over the operational 

lifetime of the pump assembly, duty cycle threshold can be increased or decreased based on 

the operating conditions. This can result in an improved efficiency, achieving an appropriate 

balance between an uninterrupted delivery of therapy and/or avoidance inconveniencing a 

user, conserving power, limiting vibrational noise, and/or patient comfort.  
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Power Source Capacity Determination 

[0120] In some embodiments, the capacity of the power source 1130 can be 

determined by measuring an instantaneous capacity of the power source (e.g., voltage or 

current). In some embodiments, the capacity of the power source can be determined by the 

controller 1160. For example, the instantaneous capacity can be measured periodically, such 

as every n seconds, where n can be selected as any suitable integer or non-integer value (e.g., 

60 seconds). However, the instantaneous capacity can fluctuate, which can lead to an 

unreliable or distorted measure of the power source capacity. For example, when the source 

of negative pressure 1090 is active, the instantaneous voltage (or current) reading can drop 

due to power being drawn from the power source 1130 by the source of negative pressure 

1090. That is, instantaneous voltage (or current) can "sag" during the pump down 1622.  

[0121] In some embodiments, the capacity of the power source 1130 is monitored 

and a new minimum capacity is recorded periodically. For example, the controller 1160 can 

monitor the capacity of the power source every n seconds and record a new minimum 

capacity if a currently measured capacity falls below a previously recorded minimum 

capacity. N can be selected as any suitable integer or non-integer value, such as 60 seconds.  

The capacity of the power source 1130 can be measured, for example, via measuring voltage 

or current provided by the power source. However, during periods of high activity, such as 

when the source of negative pressure 1090 is running, the capacity of the power source 1130 

may drop due to power being drawn. For example, when there is a leak in the system, the 

source of negative pressure 1090 is allowed to run in order to attempt to achieve a desired 

level of negative pressure in the wound cavity. Recording minimum capacity during such 

periods of high activity can result in a distorted measure of the capacity of the power source 

1130. In certain embodiments, a new maximum capacity is recorded.  

[0122] In some embodiments, the capacity of the power source 1130 is monitored, 

for example, periodically. Multiple measurements of the power source capacity taken during 

different times can be filtered to remove distortions associated with, for example, the activity 

of the source of negative pressure 1090. Any suitable analog or digital filtering can be 

performed, such as infinite impulse response filtering or finite impulse response filtering. In 

various embodiments, low pass filtering is performed to determine an average or mean value 

of the power source capacity. However, because filtering can be computationally intensive, it 
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may not be desirable to perform such calculations in order, for example, to conserve the 

capacity of the power source. In certain embodiments, one or more of low pass filtering, high 

pass filtering, band pass filtering, band stop filtering, or the like can be performed.  

[0123] In some embodiments, the capacity of the power source 1130 is 

determined by monitoring and recording the capacity at the beginning and end of the pump 

down 1622. For example, a first measure of the capacity of the power source can be made 

when the source of negative pressure 1090 is activated, such as when position 1608 is 

reached. The first measure of capacity can be made immediately after the source of negative 

pressure 1090 has been activated or soon thereafter. A second measure of the capacity of the 

power source can be made when the source of negative pressure 1090 is deactivated, such as 

when position 1610 is reached. The second measure of capacity can be made immediately 

after the source of negative pressure 1090 has been deactivated or soon thereafter. In certain 

embodiments, the capacity of the power source 1130 is determined based on the first and 

second measures of the capacity of the power source. In some embodiments, a mean or 

average value of the first and second measures of the capacity of the power source is used as 

the power source capacity. The first and second measured of capacity of the power source 

can be combined in any suitable way. In various embodiments, additional measures of the 

capacity of the power source are made during pump down 1622, and these additional 

measures are combined with the first and second measure of the capacity. For example, a 

mean, median, or the like value of the first, second, and additional measures of the capacity 

can be determined as used as the capacity of the power source.  

Other Variations 

[0124] In some embodiments, the pump assembly 104 can be configured to 

directly monitor the flow rate of fluid (e.g., air and/or liquid) over a period of time (e.g., 45 

seconds or less or more, 60 seconds or less or more, 90 seconds or less or more, 2 minutes or 

less or more, 3 minutes or less or more, 4 minutes or less or more, etc). This can be 

accomplished by using any suitable flow meter, for instance, a mass flow meter. The pump 

assembly 104 can be configured to determine a flow rate threshold based on the monitored 

flow rate. The pump assembly 104 can be further configured to determine and adjust the 

flow rate threshold based at least in part on the operational time and/or capacity of the power 
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source. This can be performed alternatively or in addition to monitoring the duty cycle and 

determining and adjusting the duty cycle threshold.  

[0125] Any value of a threshold, limit, duration, etc. provided herein is not 

intended to be absolute and, thereby, can be approximate. In addition, any threshold, limit, 

duration, etc. provided herein can be fixed or varied either automatically or by a user.  

Furthermore, as is used herein relative terminology such as exceeds, greater than, less than, 

etc. in relation to a reference value is intended to also encompass being equal 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 is used herein relative terminology such 

as exceeds, greater than, less than, etc. in relation to a reference value is intended to also 

encompass an inverse of the disclosed relationship, such as below, less than, greater than, etc.  

in relations to the reference value.  

[0126] Features, integers, characteristics, compounds, chemical moieties or 

groups described in conjunction with a particular aspect, embodiment, or example are to be 

understood to be applicable to any other aspect, embodiment or example described herein 

unless incompatible therewith. All of the features 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 combination, except combinations where at 

least some of such 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 features 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.  

[0127] While certain embodiments have been described, these embodiments 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 herein 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 embodiments, the actual steps taken in the processes illustrated 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 steps 

-33-



WO 2013/140255 PCT/IB2013/000866 

and/or order of steps taken in the disclosed processes, such as the process illustrated in Figure 

8, 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, controller, ASIC, FPGA, and/or dedicated hardware. 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.  

[0128] Although the present disclosure provides certain preferred embodiments 

and applications, other embodiments that are apparent to those of ordinary skill in the art, 

including embodiments which do not provide all of the features and advantages set forth 

herein, are also within the scope of this disclosure. Certain embodiments of the invention are 

encompassed in the appended claims.  
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS: 

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

a negative pressure source configured to be fluidically coupled to a wound dressing; 

a power source configured to supply power to the apparatus; and 

a controller configured to: 

monitor a duty cycle of the negative pressure source, and operational time of 

the apparatus elapsed from an initial activation of the apparatus, and remaining 

capacity of the power source; and 

determine a duty cycle threshold based at least in part on the remaining 

capacity of the power source and the operational time of the apparatus; and 

operate the negative pressure source based at least in part on the determined 

duty cycle threshold.  

2. The apparatus of claim 1, wherein the controller is further configured to: 

activate the negative pressure source; and 

provide an indication in response to determining that the duty cycle has exceeded the 

duty cycle threshold.  

3. The apparatus of claim 2, wherein the indication comprises deactivating the negative 

pressure source.  

4. The apparatus of any one of the preceding claims, wherein the duty cycle reflects an 

amount of time the negative pressure source is active over a period of time.  

5. The apparatus of any one of the preceding claims, wherein the controller is configured to 

determine the duty cycle threshold according to at least one of a quadratic function and a 

linear function.  

6. The apparatus of any one of the preceding claims, wherein the controller is further 

configured to: 

determine the operational time based on a total elapsed time since an initial activation 

of the apparatus; and 
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disable activation of the negative pressure source when the operational time reaches a 

lifetime threshold.  

7. The apparatus of any one of claims 1 to 6, wherein the lifetime threshold comprises at least 

7 days.  

8. The apparatus of any one of the preceding claims, wherein the controller is further 

configured to determine the remaining capacity of the power source based on at least one of a 

voltage of the power source and a current of the power source.  

9. The apparatus of any one of the preceding claims, wherein the duty cycle threshold is 

bound between lower and upper bounds of the duty cycle threshold, and wherein the lower 

and upper bounds are respectively 9% and 18%, 25% and 60%, or 35% and 70%.  

10. The apparatus of any one of the preceding claims, wherein the controller is configured to 

periodically determine the duty cycle threshold.  

11. The apparatus of claim 10, wherein the controller is configured to determine the duty 

cycle threshold every hour.  

12. The apparatus of claim 1, wherein the controller is further configured to: 

determine a first capacity of the power source when the negative pressure source is 

active; 

determine a second capacity of the power source when the negative pressure source is 

inactive; and 

determine the capacity of the power source based at least in part on the first and 

second capacities of the power source.  

13. The apparatus of claim 12, wherein the controller is configured to determine the capacity 

of the power source based on averaging.  

14. The apparatus of any one of the preceding claims, wherein the negative pressure source 

comprises a voice coil pump.  
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15. A method for operating a negative pressure apparatus comprising a negative pressure 

source and a power source, the method comprising: 

delivering negative pressure from the negative pressure source to a wound dressing; 

monitoring a duty cycle of the negative pressure source, and operational time of the 

apparatus elapsed from initial activation of the apparatus, and a remaining capacity of 

the power source; 

determining a duty cycle threshold based at least in part on the remaining capacity of 

the power source and the operational time; and 

operating the negative pressure source based at least in part on the determined duty 

cycle threshold.  

16. The method of claim 15, further comprising: 

activating the negative pressure source; and 

providing an indication in response to determining that the duty cycle has exceeded 

the duty cycle threshold.  

17. The method of claim 15, wherein the indication comprises deactivating the negative 

pressure source.  

18. The method of any one of claims 15 to 17, wherein the duty cycle reflects an amount of 

time the source of negative pressure is active during a period of time.  

19. The method of any one of claims 15 to 18, further comprising determining the duty cycle 

threshold comprises determining the duty cycle threshold according to at least one of a 

quadratic function and a linear function.  

20. The method according to claim 15, further comprising: 

determining the operational time based on a total elapsed time since the initial 

activation of the apparatus; and 

disabling activation of the negative pressure source when the operational time reaches 

a lifetime threshold.  
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21. The method according to claim 20, wherein the lifetime threshold comprises at least 

seven days.  

22. The method according to claim 15, further comprising determining the remaining 

capacity of the power source based on at least one of a voltage of the power source and a 

current of the power source.  

23. The method of claim 15, wherein the duty cycle threshold is bounded between upper and 

lower bounds of the duty cycle threshold, and wherein the lower and upper bounds are 

respectively, 9% and 18 %, 25 % and 60%, or 35% and 70%.  

24. The method of claim 15, further comprising periodically determining the duty cycle 

threshold.  

25. The method of claim 24, further comprising determining the duty cycle threshold hourly.  

26. The method of claim 15, further comprising: 

determining a first capacity of the power source when the negative pressure source is 

activated; 

determining a second capacity of the power source when the negative pressure source 

is inactive; and 

determining the capacity of the power source based at least in part on the first and 

second capacities of the power source.  

27. The method according to claim 15, further comprising determining the capacity of the 

power source using averaging.  

28. The method of claim 15, wherein the negative pressure source comprises a voice coil 

pump.  
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