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NEGATIVE PRESSURE WOUND THERAPY DEVICE WITH SILENT
PIEZOELECTRIC PUMP

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority to U.S. Provisional Application No.

62/612,900, filed on January 2, 2018, which is incorporated herein by reference in its

entirety.

BACKGROUND

[0002] The present disclosure relates generally to wound therapy systems and devices, and

more particularly to a negative pressure wound therapy device.

[0003] Negative pressure wound therapy (NPWT) is a type of wound therapy that involves

applying negative pressure (relative to atmosphere pressure) to a wound site to promote

wound healing. Some NPWT systems include a pump which operates to maintain the wound

site at negative pressure by removing wound exudate from the wound site.

[0004] In some existing NPWT systems, a piezoelectric pump is used to apply the negative

pressure to the wound site. Piezoelectric pumps can operate at very low noise levels (e.g.,

silently), which can reduce power requirements while also improving the perceived

experience for a user. However, existing NPWT piezoelectric pumps are difficult to maintain

in silent operation, due to thermal loading and other inefficiencies that development over the

course of use.

[0005] In many existing NPWT systems, the leak tolerance of the system, and thus an

associated alarm threshold, is determined by the capacity of the pump to maintain pressure

with a leak. The battery capacity and life expectations also affect the system operation.

These factors relate to the energy efficiency of the system. Piezoelectric pumps intended to

operate silently may have decreasing energy efficiency as their thermal loading or required

duty cycle goes up, reducing the ability of the NPWT systems to provide desired

functionality.



SUMMARY

[0006] One implementation of the present disclosure is a negative pressure wound therapy

(NPWT) device. The NPWT device includes at least one piezoelectric pump configured to

apply a vacuum to a wound site, and a control circuit. The control circuit is configured to

generate a first control signal to control operation of the at least one piezoelectric pump, the

control signal having a first root mean square (RMS) voltage, transmit the first control signal

to the at least one piezoelectric pump, identify at least one of a change of state of the at least

one piezoelectric pump or an expiration of a duration of time associated with operation of the

at least one piezoelectric pump, responsive to identifying the at least one of the change of

state or the expiration of the duration of time, generate a second control signal having a

second RMS voltage less than the first RMS voltage, and transmit the second control signal

to the at least one piezoelectric pump.

[0007] In some embodiments, the NPWT device includes a temperature sensor configured

to detect a first temperature of the at least one piezoelectric pump and output the first

temperature to the control circuit. The control circuit identifies the change of state responsive

to comparing the first temperature to a first temperature threshold and determining that the

first temperature is greater than the first temperature threshold. In some embodiments, the

control circuit is further configured to receive a second temperature of the at least one

piezoelectric pump detected by the temperature sensor subsequent to transmission of the

second control signal, compare the second temperature to a second temperature threshold less

than or equal to the first temperature threshold, and responsive to the second temperature

being less than the second temperature threshold, transmit a third control signal to the at least

one piezoelectric pump, the third control signal having a third RMS voltage equal to the first

RMS voltage.

[0008] In some embodiments, the at least one of the change of state or the expiration of the

duration of time is associated with overheating of the at least one piezoelectric pump.

[0009] In some embodiments, the control circuit resets the timer responsive to transmitting

the second control signal.

[0010] In some embodiments, the NPWT device includes a resonance detector configured

to detect a first resonance frequency of the at least one piezoelectric pump and output the first



resonance frequency to the control circuit. The control circuit identifies the change of state

based on the first resonance frequency.

[0011] In some embodiments, the NPWT device includes a pressure sensor configured to

detect a first pressure of at least one of the piezoelectric pump or the wound site and output

the first pressure to the control circuit. The control circuit identifies the change of state

responsive to comparing the first pressure to a target pressure and determining that the first

pressure is greater than or equal to the target pressure. In some embodiments, the control

circuit is further configured to count a number of identifications of the at least one of the

change of state or the expiration of the duration of time while the first pressure is less than the

target pressure, compare the count to a count threshold, and responsive to determining that

the count is greater than the count threshold, output a notification including at least one of a

visual output or an audible output.

[0012] In some embodiments, the control circuit is coupled to the piezoelectric pump by an

alternating current circuit having a first arm and a second arm, and the control circuit is

configured to generate the first control signal to have the first RMS voltage by modulating a

first phase angle of a first signal component associated with the first arm relative to a second

phase angle of a second signal component associated with the second arm.

[0013] In some embodiments, the control circuit generates the control signals as sine

waves.

[0014] In some embodiments, the at least one piezoelectric pump includes at least a first

piezoelectric pump and a second piezoelectric pump. Responsive to identifying the at least

one of the change of state or the expiration of the duration of time, the control circuit

transmits the second control signal to the first piezoelectric pump and transmits a third

control signal having a third RMS voltage equal to the first RMS voltage to the second

piezoelectric pump.

[0015] In some embodiments, the at least one piezoelectric pump is attached to a heat sink

configured to dissipate heat from the at least one piezoelectric pump.

[0016] Another implementation of the present disclosure is a method. The method includes

generating a first control signal having a first root mean square (RMS) voltage, transmitting

the first control signal to at least one piezoelectric pump configured to apply a vacuum to a



wound site, identifying at least one of a change of state of the at least one piezoelectric pump

or an expiration of a duration of time associated with operation of the at least one

piezoelectric pump, responsive to identifying the at least one of the change of state or the

expiration of the duration of time, generating a second control signal having a second RMS

voltage less than the first RMS voltage, and transmitting the second control signal to the at

least one piezoelectric pump.

[0017] In some embodiments, the method includes receiving a first temperature of the at

least one piezoelectric pump, wherein identifying the change includes comparing the first

temperature to a first temperature threshold and determining that the first temperature is

greater than the first temperature threshold.

[0018] In some embodiments, the method includes receiving a first temperature of the at

least one piezoelectric pump, wherein identifying the change includes comparing the first

temperature to a first temperature threshold and determining that the first temperature is

greater than the first temperature threshold.

[0019] In some embodiments, the method includes initiating a timer responsive to

transmitting the first control signal, and identifying the expiration of the duration of time

using the timer.

[0020] In some embodiments, the method includes receiving a first resonance frequency of

the at least one piezoelectric pump from a resonance detector and identifying the change of

state based on the first resonance frequency.

[0021] In some embodiments, the method includes generating the first control signal to

have the first RMS voltage by modulating a first phase angle of a first signal component

associated with a first arm of an alternating current circuit coupled to the at least one

piezoelectric pump relative to a second phase angle of a second signal component associated

with a second arm of the alternating current circuit.

[0022] Another implementation of the present disclosure is a non-transitory computer

readable medium storing computer executable instructions which when executed by a control

circuit cause the control circuit to perform a method. The method includes generating a first

control signal having a first root mean square (RMS) voltage, transmitting the first control

signal to at least one piezoelectric pump configured to apply a vacuum to a wound site,



identifying at least one of a change of state of the at least one piezoelectric pump or an

expiration of a duration of time associated with operation of the at least one piezoelectric

pump, responsive to identifying the at least one of the change of state or the expiration of the

duration of time, generating a second control signal having a second RMS voltage less than

the first RMS voltage, and transmitting the second control signal to the at least one

piezoelectric pump.

[0023] In some embodiments, the method includes receiving a first temperature of the at

least one piezoelectric pump, wherein identifying the change includes comparing the first

temperature to a first temperature threshold and determining that the first temperature is

greater than the first temperature threshold.

[0024] Those skilled in the art will appreciate that the summary is illustrative only and is

not intended to be in any way limiting. Other aspects, inventive features, and advantages of

the devices and/or processes described herein, as defined solely by the claims, will become

apparent in the detailed description set forth herein and taken in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 is a drawing of a negative pressure wound therapy (NPWT) system including

a NPWT device fluidly connected with a wound site, according to an exemplary embodiment.

[0026] FIG. 2 is a block diagram illustrating the NPWT device of FIG. 1 in greater detail,

according to an exemplary embodiment.

[0027] FIG. 3 is a block diagram of a control unit of the NPWT device of FIG. 1, according

to an exemplary embodiment.

[0028] FIG. 4 is a schematic diagram of waveforms for controlling operation of a

piezoelectric pump of an NPWT device, according to an exemplary embodiment.

[0029] FIG. 5A is a schematic diagram of square wave alternating current circuit

waveforms for modulating voltage of a control signal for controlling operation of a

piezoelectric pump of an NPWT device, according to an exemplary embodiment.



[0030] FIG. 5B is a schematic diagram of sine wave alternating current circuit waveforms

for modulating voltage of a control signal for controlling operation of a piezoelectric pump of

an NPWT device, according to an exemplary embodiment.

[0031] FIG. 6 is a schematic diagram of sinusoidal alternating current circuit waveforms for

modulating voltage of a control signal for controlling operation of a piezoelectric pump of an

NPWT device, according to an exemplary embodiment.

[0032] FIG. 7 is a flowchart of a process for operating the NPWT device of FIG. 1,

according to an exemplary embodiment.

DETAILED DESCRIPTION

Overview

[0033] Referring generally to the FIGURES, a negative pressure wound therapy (NPWT)

device and components thereof are shown, according to various exemplary embodiments.

The NPWT device may include at least one piezoelectric pump and a control circuit. The at

least one piezoelectric pump can be configured to apply a vacuum to a wound site. The

control circuit can be configured to generate a first control signal to control operation of the

at least one piezoelectric pump, the first control signal having a first root mean square (RMS)

voltage. The control circuit can transmit the first control signal to the at least one

piezoelectric pump. The control circuit can identify at least one of a change of state of the at

least one piezoelectric pump or an expiration of a duration of time associated with operation

of the at least one piezoelectric pump. Responsive to identifying the at least one of the

change of state or the expiration of the duration of time, the control circuit can generate a

second control signal having a second RMS voltage less than the first RMS voltage. The

control circuit can transmit the second control signal to the at least one piezoelectric pump.

[0034] In some embodiments, the change of state and/or the expiration of the duration of

time can indicate that the at least one piezoelectric pump has exceeded a temperature

threshold or is susceptible to exceeding a temperature threshold, and thus may be susceptible

to malfunctions, such as no longer running silently, or no longer applying a desired pressure

to the wound site. The change of state may be associated with parameters such as

temperatures of the NPWT device, a resonance frequency of the at least one piezoelectric

pump, or the pressure applied to the wound site. By modifying operation of the at least one



piezoelectric pump responsive to identifying the change of state and/or the expiration of the

duration of time, the control circuit can enable the NPWT device to maintain deshed

continuous or semi-continuous operation.

[0035] In some embodiments, the control circuit generates and modulates the control

signals in a manner which improves operation of the at least one piezoelectric pump,

facilitating deshed operation. For example, the control circuit can drive the control signals to

have a sinusoidal waveform, which has smooth transitions between maximum and minimum

values and thus may be most efficient in driving the at least one piezoelectric pump. The

control circuit can modulate (e.g., ramp up, ramp down) the duty cycle of the at least one

piezoelectric pump by changing phase angles between signal components applied to either

arm of an alternating current circuit between the control circuit and the at least one

piezoelectric pump. This can enable the control circuit to modulate the control signal

relatively quickly, while reducing computational requirements for calculating parameters of

the control signal.

Negative Pressure Wound Therapy System

[0036] Referring now to FIGS. 1-2, a negative pressure wound therapy (NPWT) system

100 is shown, according to an exemplary embodiment. NPWT system 100 is shown to

include a therapy device 102 fluidly connected to a wound site 106 via tubing 108. Wound

site 106 may include a tissue wound as well as a wound dressing that covers the tissue wound

and adheres to a patient’s skin. Several examples of wound dressings which can be used in

combination with NPWT system 100 are described in detail in U.S. Patent No. 7,651,484

granted January 26, 2010, U.S. Patent No. 8,394,081 granted March 12, 2013, and U.S.

Patent Application No. 14/087,418 filed November 22, 2013. The entire disclosure of each

of these patents and patent applications is incorporated by reference herein.

[0037] Therapy device 102 can be configured to provide negative pressure wound therapy

by reducing the pressure at wound site 106. Therapy device 102 can draw a vacuum at

wound site 106 (relative to atmospheric pressure) by removing wound exudate, air, and other

fluids from wound site 106. Wound exudate may include fluid that filters from a patient’s

circulatory system into lesions or areas of inflammation. For example, wound exudate may

include water and dissolved solutes such as blood, plasma proteins, white blood cells,

platelets, and red blood cells. Other fluids removed from wound site 106 may include



instillation fluid previously delivered to wound site 106. Instillation fluid can include, for

example, a cleansing fluid, a prescribed fluid, a medicated fluid, an antibiotic fluid, or any

other type of fluid which can be delivered to wound site 106 during wound treatment.

[0038] The fluids removed from wound site 106 pass through tubing 108 and are collected

in canister 104, in some embodiments. Canister 104 may be a component of therapy device

102 configured to collect wound exudate and other fluids removed from wound site 106. In

some embodiments, canister 104 is detachable from therapy device 102 to allow canister 104

to be emptied and replaced as needed. A lower portion 130 of canister 104 may be filled with

wound exudate and other fluids removed from wound site 106, whereas an upper portion 128

of canister 104 may be filled with air. Therapy device 102 can be configured to draw a

vacuum within canister 104 by pumping air out of canister 104. The reduced pressure within

canister 104 can be translated to wound site 106 via tubing 108 such that wound site 106 is

maintained at the same pressure as canister 104.

[0039] Referring particularly to FIG. 2, a block diagram illustrating therapy device 102 in

greater detail is shown, according to an exemplary embodiment. Therapy device 102 is

shown to include a pump 120, a filter 122, a valve 118, a heat sink 116, and a control unit

114. Pump 120 can be fluidly coupled to canister 104 (e.g., via conduit 134) and can be

configured to draw a vacuum within canister 104 by pumping air out of canister 104. In

some embodiments, pump 120 is configured to operate in both a forward direction and a

reverse direction. For example, pump 120 can operate in the forward direction to pump air

out of canister 104 and decrease the pressure within canister 104. Pump 120 can operate in

the reverse direction to pump air into canister 104 and increase the pressure within canister

104. Pump 120 can be controlled by control unit 114, described in greater detail below.

[0040] Pump 120 is a piezoelectric pump. In some embodiments, the pump 120 includes a

movable member (e.g., diaphragm) which undergoes mechanical displacement based on a

voltage applied to the movable member, such as by oscillating in response to receiving an

alternating current. By oscillating, the movable member can push air to generate the negative

pressure applied by the pump 120. The movable member can be metallic. Pump 120 can

include a copper disc with a slit which opens when pushed by the movable member. In some

embodiments, the movable member oscillates at approximately 2 1 kHz. Under typical

operational conditions, the pump 120 can operate silently or near silently. For example, noise



generated by pump 120 can be less than a noise threshold which can be heard by a typical

user. In an embodiment, pump 120 is a Vacuum Pump manufactured by Koge Micro Tech

Co., Ltd.

[0041] In some embodiments, NPWT system 100 includes a plurality of pumps 120. For

example, therapy device 102 may include multiple pumps 120, each coupled to tubing 108

and controlled by control unit 114. NPWT system 100 may include a plurality of therapy

devices 102, each of which may include one or more pumps 120.

[0042] Filter 122 can be positioned between canister 104 and pump 120 (e.g., along conduit

134) such that the air pumped out of canister 104 passes through filter 122. Filter 122 can be

configured to prevent liquid or solid particles from entering conduit 134 and reaching pump

120. Filter 122 may include, for example, a bacterial filter that is hydrophobic and/or

lipophilic such that aqueous and/or oily liquids will bead on the surface of filter 122. Pump

120 can be configured to provide sufficient airflow through filter 122 that the pressure drop

across filter 122 is not substantial (e.g., such that the pressure drop will not substantially

interfere with the application of negative pressure to wound site 106 from therapy device

102).

[0043] Valve 118 can be fluidly connected with pump 120 and filter 122 via conduit 134.

In some embodiments, valve 118 is configured to control airflow between conduit 134 and

the environment around therapy device 102. For example, valve 118 can be opened to allow

airflow between conduit 134 and the environment around therapy device 102, and closed to

prevent airflow between conduit 134 and the environment around therapy device 102. Valve

118 can be opened and closed by control unit 114, described in greater detail below. When

valve 118 is closed, pump 120 can draw a vacuum within conduit 134 and canister 104 by

causing airflow through filter 122 in a first direction, as shown in FIG. 2. When valve 118 is

open, airflow from the environment around therapy device 102 may enter conduit 134 and fill

the vacuum within conduit 134 and canister 104. The airflow from conduit 134 into canister

104 may pass through filter 122 in a second direction, opposite the first direction, as shown in

FIG. 3.

[0044] While FIG. 2 illustrates the use of the canister 104 and filter 122, it will be

appreciated that in some embodiments, the therapy device 102 may not include either the



canister 104 or the filter 122, such that the pump 120 may be directly coupled to the wound

site 106 via the tubing 108.

[0045] Heat sink 116 may be provided to increase a rate of heat dissipation from therapy

device 102 or components thereof, such as pump 120. For example, heat sink 116 can be

configured to have a relatively greater coefficient for convective heat transfer than other

components of therapy device 102, such as by having a relatively greater surface area to

volume ratio. Heat sink 116 may be mounted to control unit 114, pump 120, or a circuit

board (not shown) to which control unit 114 and/or pump 120 are mounted. In some

embodiments, heat sink 116 includes a plurality of fins.

[0046] Control unit 114 can be configured to operate pump 120, valve 118, and/or other

controllable components of therapy device 102. In some embodiments, control unit 114 is

configured to operate pump 120 by transmitting a control signal to pump 120 via alternating

current circuit 140, which includes first arm 142 and second arm 144. The ar 142, 144

may be associated with corresponding pump drive electrodes for pump 120.

[0047] In some embodiments, therapy device 102 includes a variety of sensors, which can

communicate sensor measurements to control unit 114. For example, therapy device 102 is

shown to include a temperature sensor 124 configured to measure a temperature of pump 120

and communicate the measured temperature of pump 120 to control unit 114. Temperature

sensor 124 maybe a thermocouple.

[0048] In some embodiments, NPWT system 100 includes a pressure sensor 126 configured

to measure the pressure at wound site 106 and communicate the measured pressure to control

unit 114. NPWT system 100 may also include a pressure sensor 132 configured to measure

the pressure at the pump, and a resonance sensor 136 configured to measure a resonance of

pump 120 (e.g., of the movable member of pump 120). Control unit 114 can use the sensor

measurements as inputs to various control operations performed by control unit 114

(described in greater detail with reference to FIGS. 4-7).

[0049] In some embodiments, therapy device 102 includes a user interface 110. User

interface 110 may include one or more buttons, dials, sliders, keys, or other input devices

configured to receive input from a user. User interface 110 may also include one or more

display devices (e.g., LEDs, LCD displays, etc.), speakers, tactile feedback devices, or other



output devices configured to provide information to a user. In some embodiments, the

pressure measurements recorded by pressure sensors 124-126 and the orientation

measurements recorded by orientation sensor 132 are presented to a user via user interface

110. User interface 110 can also display alerts generated by control unit 114.

[0050] In some embodiments, therapy device 102 includes a data communications interface

112 (e.g., a USB port, a wireless transceiver, etc.) configured to receive and transmit data.

Communications interface 112 may include wired or wireless communications interfaces

(e.g., jacks, antennas, transmitters, receivers, transceivers, wire terminals, etc.) for conducting

data communications external systems or devices. In various embodiments, the

communications may be direct (e.g., local wired or wireless communications) or via a

communications network (e.g., a WAN, the Internet, a cellular network, etc.). For example,

communications interface 112 can include a USB port or an Ethernet card and port for

sending and receiving data via an Ethernet-based communications link or network. In

another example, communications interface 112 can include a Wi-Fi transceiver for

communicating via a wireless communications network or cellular or mobile phone

communications transceivers.

Control Unit

[0051] Referring now to FIG. 4, a block diagram illustrating control unit 114 in greater

detail is shown, according to an exemplary embodiment. Control unit 114 is shown to

include a processing circuit 146 including a processor 148 and memory 150. Processor 148

may be a general purpose or specific purpose processor, an application specific integrated

circuit (ASIC), one or more field programmable gate arrays (FPGAs), a group of processing

components, or other suitable processing components. Processor 148 is configured to

execute computer code or instructions stored in memory 150 or received from other computer

readable media (e.g., CDROM, network storage, a remote server, etc.).

[0052] Memory 150 may include one or more devices (e.g., memory units, memory

devices, storage devices, etc.) for storing data and/or computer code for completing and/or

facilitating the various processes described in the present disclosure. Memory 150 may

include random access memory (RAM), read-only memory (ROM), hard drive storage,

temporary storage, non-volatile memory, flash memory, optical memory, or any other

suitable memory for storing software objects and/or computer instructions. Memory 150 may



include database components, object code components, script components, or any other type

of information structure for supporting the various activities and information structures

described in the present disclosure. Memory 150 may be communicably connected to

processor 148 via processing circuit 146 and may include computer code for executing (e.g.,

by processor 148) one or more processes described herein. When processor 148 executes

instructions stored in memory 150, processor 148 generally configures control unit 114 (and

more particularly processing circuit 146) to complete such activities.

[0053] Control unit 114 is shown to include a pump controller 152. Pump controller 152

generates control signals to control operation of pump 120. Pump controller 152 can

configure parameters of the control signals, such as current, voltage, frequency, amplitude, or

intermittency. In some embodiments, pump controller 152 generates alternating current

control signals having a root mean square (RMS) voltage, and transmits the control signals to

pump 120 via alternating current circuit 140 (as shown in FIG. 3). For example, pump

controller 152 can generate the control signals to have a particular RMS voltage by

modulating a first phase angle of a first signal component associated with first arm 142

relative to a second phase angle of a second signal component associated with second arm

144.

[0054] As will be described with further reference to FIGS. 4-7, pump controller 152 can

modulate the control signals to have specified waveforms. For example, pump controller 152

can modulate the control signals to have square, triangular, or sinusoidal waveforms. Square

waveforms may result in thermal loading of pump 120 by oscillating between peak voltages

of opposite signs, spending more time at peak voltage such that the transition between the

peaks opposite signs is abrupt. Triangular waveforms may have reduced effectiveness by

having amplitudes near the peaks for a relatively low fraction of the total waveform duration.

In some embodiments, pump controller 152 can improve operation of pump 120 by

modulating the control signals to have sinusoidal waveforms (see FIG. 5B), which provides

smooth transitions between peaks and valleys, efficiently applying the alternating current

signal to pump 120 while reducing the likelihood of undesired thermal loading. For example,

it will be appreciated that the sinusoidal waveform can be smooth, as compared to the square

waveform, which can include a step function transition from a minimum value to a maximum

value (see FIG. 5A); or a triangular waveform, which can include a sharp corner where a

slope of the waveform changes sign instantaneously or near instantaneously. In some



embodiments, the sinusoidal waveform is based on a single sine (or cosine) wave function (as

compared to a square waveform or triangular waveform, which may be generated by

combining multiple sine wave functions of varying amplitudes). Pump controller 152 can

modulate the sinusoidal control signals to have particular RMS voltages by modulating the

first phase angle of the first sinusoidal signal component associated with first arm 142

relative to the second phase angle of the second sinusoidal signal component associated with

second arm 144.

[0055] In some embodiments, pump controller 152 modulates voltage of the control signal

by modulating a first phase angle of a first signal component associated with first arm 142

relative to a second phase angle of a second signal component associated with second arm

144. For example, pump controller 152 can initially output the control signal with the first

phase angle being 180 degrees offset from the second phase angle, and increase the voltage

by reducing the offset (e.g., reducing from 180 degrees towards 0 degrees). As such, pump

controller 152 can more quickly achieve a desired voltage than by existing methods based on

calculating voltage. In addition, pump controller 152 can reduce computational burden by

changing the phase angle, which can avoid either (1) requiring multiply/divide capability or

(2) re-programming memory each time amplitude is changed.

[0056] Control unit 114 is shown to include a pressure monitor 154. Pressure monitor 154

can be configured to monitor the pressure within pump 120 and/or the pressure at wound site

106 using feedback from pressure sensors 124-126. For example, pressure sensors 124-126

may provide pressure measurements to pressure monitor 152. Pressure monitor 152 can use

the pressure measurements to determine the pressure within pump 120 and/or the pressure at

wound site 106 in real-time. Pressure monitor 152 can provide the pressure value to state

monitor 162 and/or pump controller 152 for use as an input to control processes performed by

such components.

[0057] Control unit 114 can include a temperature monitor 156. Temperature monitor 156

can monitor the temperature of pump 120 using temperature measurements from temperature

sensor 124, and use the temperature measurements to calculate the temperature of pump 120,

in real-time. Similar to pressure monitor 154, temperature monitor 156 can provide the

temperature of pump 120 to state monitor 162 and/or pump controller 152 for use as an input

to control processes performed by such components.



[0058] In some embodiments, control unit 114 includes a resonance monitor 158.

Resonance monitor 158 can receive resonance measurements from resonance sensor 136, and

determine a resonance frequency of pump 120, in real-time. Similar to pressure monitor 154

and temperature monitor 156, resonance monitor 158 can transmit the determined resonance

frequency to state monitor 162 and/or pump controller 152 for use as an input to control

processes performed by such components.

[0059] Control unit 114 includes a timer 160, in some embodiments. Control unit 114 (or

components thereof, such as pump controller 152) can initiate and/or reset timer 160 in

response to various trigger conditions. For example, control unit 114 can initiate timer 160

responsive to pump controller 152 transmitting a control signal (e.g., a control signal having a

first RMS voltage) to pump 120. Control unit 114 can reset timer 160 responsive to

transmitting a control signal (e.g., a control signal having a second RMS voltage) to pump

120. Timer 160 can output a time to state monitor 162 and/or pump controller 152 for use as

an input to control processes performed by such components.

[0060] In some embodiments, control unit 114 includes a state monitor 162. State monitor

162 can receive sensor measurements from sensors 124, 126, 132, 136 (e.g., via

corresponding monitors 154, 156, 158), and execute operations using the received sensor

measurements. State monitor 162 can also receive the time outputted by state monitor 162.

In various embodiments, state monitor 162 is configured to determine whether a state of

pump 120 indicates that pump 120 is overheating or may be susceptible to overheating,

which can allow pump controller 152 to modify control of pump 120 before noise generation,

overheating, or other undesired conditions of pump 120 occur.

[0061] State monitor 162 can identify at least one of a change of state of pump 120 or an

expiration of a duration of time associated with operation of pump 120. In some

embodiments, state monitor 162 identifies the change of state of pump 120 based on

temperature. State monitor 162 can receive the temperature of pump 120 from temperature

monitor 156. State monitor 162 can compare the temperature of pump 120 to a first

temperature threshold, and identify the change of state responsive to the temperature of pump

120 being greater than the first temperature threshold. The first temperature threshold may

be equal to (or slightly less) than a temperature at which pump 120 generates noise (e.g.,

whistling or other noise at a volume audible to a typical user), overheats, or loses efficiency.



As such, identifying the change of state when the temperature is greater than the first

temperature threshold can allow NPWT system 100 to take action to reduce thermal load on

pump 120 before undesired operation occurs (or mitigate undesired operation before it is

exacerbated by continued operation above the first temperature threshold). In some

embodiments, the first temperature threshold is 63 degrees Celsius. The first temperature

threshold can be greater than or equal to 50 degrees Celsius and less than or equal to 70

degrees Celsius. The first temperature threshold can be greater than or equal to 60 degrees

Celsius and less than or equal to 65 degrees Celsius. It will be appreciated that the first

temperature threshold may vary based on factors such as the composition, size, and/or drive

voltage of pump 120.

[0062] State monitor 162 can also identify the change of state of pump 120 based on

pressure. For example, state monitor 162 can receive the pressure of pump 120 and/or wound

site 106 from pressure monitor 154. State monitor 162 can compare the pressure to a

corresponding target pressure. The target pressure can be a desired pressure at which NPWT

system 100 is properly applying a vacuum to wound site 106. State monitor 162 can identify

the change of state responsive to determining that the pressure is greater than or equal to the

target pressure (which can indicate that pump 120 need not necessarily be driven at the

instant voltage, but rather may be temporarily be driven at a lower voltage to help prevent or

mitigate overheating or other undesired operation). In some embodiments, the target pressure

is 125 mmHg. The target pressure may be greater than or equal to 100 mmHg and less than

or equal to 200 mmHg.

[0063] In some embodiments, state monitor 162 identifies the change of state of pump 120

based on resonance frequency. State monitor 162 can receive the resonance frequency of

pump 120 from resonance monitor 158. State monitor 162 can compare the resonance

frequency to a pump curve indicating a relationship between frequency and efficiency to

determine whether an efficiency difference between an instant efficiency of pump 120 and a

desired or maximum efficiency is greater than a threshold efficiency difference, and identify

the change of state responsive to the efficiency difference being greater than the threshold

efficiency difference.

[0064] State monitor 162 can identify the expiration of the duration of time based on

receiving the time from the timer 160. For example, state monitor 162 can periodically



receive the time from the timer 160, compare the time to a threshold duration of time, and

identify the expiration of the duration of time based on the time exceeding the duration of

time. The threshold duration of time can correspond to a time after which pump 120 may be

expected to overheat or otherwise undergo undesired operation. In an embodiment, the

threshold duration of time is 5 minutes. The threshold duration of time may be greater than

or equal to 1 minute and less than or equal to 20 minutes. It will be appreciated that the

threshold duration of time may vary based on various factors affecting the rate of heat

generation, storage, and dissipation by pump 120, such as the composition, size, and/or drive

voltage of pump 120.

[0065] In some embodiments, state monitor 162 outputs a notification associated with

identifying the at least one of the change of state or the expiration of the duration of time.

For example, state monitor 162 can cause user interface 110 to output at least one of a visual

output or an audible output. In some embodiments, state monitor 162 counts a number of

identifications of the at least one of the change of state or the expiration of the duration of

time, compares the count to a count threshold, and responsive to determining that the count is

greater than the count threshold, outputs the notification. The state monitor 162 may count

the number of identifications while the pressure of at least one of pump 120 or wound site

106 is less than the corresponding target pressure, which may indicate that the pump 120 is

overheating or susceptible to overheating without being able to achieve the target pressure.

[0066] In some embodiments, where NPWT system 100 includes a plurality of pumps 120,

pump controller 152 (or a plurality of pump controllers 152 acting in unison) can control

operation of the plurality of pumps 120. For example, pump controller 152 can drive a first

pump of the plurality of pumps 120 at a first RMS voltage (e.g., a high or maximum RMS

voltage), and drive at least one second pump 120 of the plurality of pumps 120 at a second

RMS voltage less than the first RMS voltage. In response to identifying the at least one of

the change of state of one or more pumps 120 or the expiration of the duration of time, pump

controller 152 can generate a control signal to drive first pump 120 at a lower RMS voltage;

pump controller 152 may also generate control signal(s) to drive one or more of the at least

one second pump 120 at the first RMS voltage. As such, pump controller 152 can modify

operation of the plurality of pumps 120 in order to maintain the target pressure at wound site

106 while avoid overheating or other undesired effects of operating each of the plurality of

pumps 120.



Waveforms Generated by Control Unit for Driving Piezoelectric Pump

[0067] Referring now to FIG. 4 and further to FIGS. 2-3, a schematic diagram illustrating

operational parameters of pump 120 when driven by a square wave control signal is shown,

according to an exemplary embodiment. Pump 120 is shown to be driven by square wave

control signal 405, with a maximum RMS voltage of 11 Vrms for four minutes, alternating

with a minimum RMS voltage of 9 Vrms four minutes, in order to achieve a target pressure of

125 rnFfg. The square wave control signal 405 causes pump 120 to deliver a flow rate 410

of 120 cc/min when driven at 11 Vrms at the target pressure, then quickly reduce to a flow rate

of 80 cc/min when driven at 9 Vrms, then quickly return to the flow rate of 120 cc/min.

Notably, the continuous voltage at 11 Vrms causes temperature 415 of pump 120 to quickly

increase from approximately 25 degrees Celsius (e.g., room temperature) to almost 60

degrees Celsius (at which pump 120 may be susceptible to undesired effects from

overheating). As shown in FIG. 4, the temperature 415 may not decrease during the first 9

Vrms cycle all the way to the initial temperature, indicating heat storage in pump 120; while

not illustrated in FIG. 4, the peak temperature 415 may continue to increase from cycle to

cycle as pump 120 continues to store heat.

[0068] Referring now to FIG. 5A and further to FIGS. 2-3, a schematic diagram illustrating

alternating current control signals generated by pump controller 152 for driving pump 120 via

alternating current circuit 140 is shown, according to an exemplary embodiment. As shown

in FIG. 5A, a first arm waveform 505 may be driven with a phase angle difference of 180

degrees relative to a second arm waveform 510, resulting in an RMS voltage 515. In existing

systems which rely on square wave signals as shown in FIG. 5A to drive pump 120, pump

120 may be susceptible to overheating, such as due to the sharp changes in direction of

current between the waveforms 505, 510.

[0069] Referring now to FIG. 5B and further to FIGS. 2-3, another schematic diagram

illustrating alternating current signals generated by pump controller 152 for driving pump 120

via alternating current circuit 140 is shown, according to an exemplary embodiment· As

shown in FIG. 5B, a first arm waveform 520 may be driven with a phase angle difference of

180 degrees relative to a second arm waveform 525, resulting in an RMS voltage 530. The

first arm waveform 520 and second arm waveform 525 are provided as sinusoidal signals

(e.g., by using pump controller 152 to generate the control signals as sinusoidal signals). As

compared to using the square wave-based signal of FIG. 5A, driving pump 120 using the



sinusoidal signal of FIG. 5B can reduce the likelihood of overheating by reducing sharp

changes in direction of current. In some embodiments, pump controller 152 generates the

first arm waveform 520 using a first sine wave function, and generates the second arm

waveform 525 using a second sine wave function having a desired phase angle difference as

compared to the first arm waveform 520.

[0070] Referring now to FIG. 6 and further to FIGS. 2-3, a schematic diagram illustrating

alternating current controls with sinusoidal waveforms generated by pump controller 152 for

driving pump 120 via alternating circuit 140 is shown, according to an exemplary

embodiment. As shown in FIG. 6, a first arm waveform 620 is offset from a second arm

waveform 625. Pump controller 152 can modulate the resulting RMS voltage of the control

signal by shifting the phase angle of second arm waveform 625 (or first arm waveform 620)

by phase offset 615 to modulate the resulting RMS voltage. For example, shifting the phase

angle of second arm waveform 625 by phase offset 615 can increase the resulting RMS

voltage from 8Vrms to 11Vrms.

Control Processes

[0071] Referring now to FIG. 7, a flowchart of a process 700 for operating a negative

pressure wound therapy (NPWT) device is shown, according to an exemplary embodiment.

Process 700 can be performed by one or more components of NPWT system 100, as

described with reference to FIGS. 1-6. For example, process 700 can be performed by

therapy device 102 using control unit 114 to operate pump 120.

[0072] Process 700 is shown to include generating a first control signal having a first RMS

voltage (step 702). The first control signal can be generated by generating a first signal

component associated with a first arm of an alternating current circuit for driving a

piezoelectric pump to have a first phase angle, and generating a second signal component

associated with a second arm of the alternating current circuit for driving the piezoelectric

pump to have a second phase angle. The amplitude of the control signal can be modulated by

modulating the first phase angle relative to the second phase angle. In some embodiments,

the first control signal is generated as a sinusoidal signal, such as by generating the first

signal component based on a first sine wave function and the second signal component based

on a second sine wave function having a desired phase difference relative to the first sine

wave function.



[0073] Process 700 is shown to include transmitting the first control signal to a

piezoelectric pump to apply a vacuum to a wound site (step 704). The first control signal can

cause the piezoelectric pump to oscillate at a desired frequency, such that the piezoelectric

pump draws a vacuum against the wound site. In various embodiments where the first

control signal is a sinusoidal signal, heat generation by the piezoelectric pump can be

reduced, such as due to the smooth transition between maximum and minimum values of the

first control signal.

[0074] Process 700 is shown to include identifying at least one of a change of state of the

piezoelectric pump or an expiration of a duration of time associated with operation of the

piezoelectric pump (step 706). The identification can be used to avoid overheating or other

undesired operational states of the piezoelectric pump.

[0075] In some embodiments, identifying the change of state includes identifying the

change of state based on a temperature of the piezoelectric pump. For example, a

temperature of the pump can be determined based on a temperature measurement received

from a temperature sensor. The temperature of the pump can be compared to a first

threshold. Responsive to determining that the first temperature is greater than the first

temperature threshold, the change of state can be identified.

[0076] Identifying the change of state may include identifying the change of state based on

a pressure of at least one of the pump or the wound site. For example, a pressure can be

determined based on pressure measurements received from a pressure sensor at the pump

and/or a pressure sensor at the wound site. The pressure can be compared to a target

pressure, which may be associated with desired operation of the pump (e.g., desired vacuum

at the wound site). Responsive to determining that the pressure is greater than the target

pressure (e.g., in absolute value), the change of state can be identified. As such, if the pump

is drawing a greater vacuum than the target pressure at the wound site, the change of state can

be identified so that the pump may be driven at a lower voltage as described below.

[0077] Identifying the change of state may include identifying the change of state based on

a resonance frequency of the pump. In some embodiments, a resonance frequency of the

pump can be determined based on a frequency measurement from a frequency sensor. The

change of state may be identified based on the resonance frequency being different from a

target frequency by more than a threshold difference, which can indicate that the pump is



operating away from a target efficiency, and may instead be converting electrical energy from

the first control signal to heat rather than mechanical movement. In some embodiments,

identifying the change of state includes retrieving a table of pump efficiency as a function of

resonance frequency, and using the table to determine whether the resonance frequency

differs from the target frequency.

[0078] In some embodiments, identifying the expiration of the duration of time is based on

a timer. For example, the timer may be initiated responsive to transmitting the first control

signal, which can indicate the start of operation of the pump at the first RMS voltage. The

timer can be periodically outputted (or periodically polled), and compared to the duration of

time. Responsive to the timer exceeding the duration of time, the expiration of the duration

of time can be identified.

[0079] Process 700 is shown to include, responsive to identifying the at least one of the

change of state or the expiration of the duration of time, generating a second control signal

having a second RMS voltage less than the first RMS voltage (step 708). The second control

signal can be generated by modulating the first phase angle of the first signal component

associated with the first arm of the alternating current circuit relative to the second phase

angle of the second signal component associated with the second arm of the alternating

circuit current. In some embodiments, such as where the second control signal is generated

responsive to identifying the expiration of the duration of time, the timer can be reset

responsive to generating (or transmitting) the second control signal. If the at least one of the

change of state or the expiration of the duration of time is not identified, then a control signal

having the first RMS voltage may be continued to be applied to the pump.

[0080] Process 700 is shown to include transmitting the second control signal to the pump

(step 710). By transmitting the second control signal having the second RMS voltage less

than the first RMS voltage to the pump, overheating of the pump can be avoided. In some

embodiments, a number of identifications of the at least one of the change of state or the

expiration of the duration of time can be counted. The count can be compared to a count

threshold. Responsive to determining that the count is greater than the count threshold, at

least one of a visual output or an audible output can be outputted, such as to provide a

notification of malfunction of the pump. In some embodiments, the count is incremented



while the first pressure is less than the target pressure, so that the notification is provided

based on the pump being unable to achieve the target pressure.

[0081] Process 700 is shown to include identifying an additional at least one of a change of

state or expiration of a duration of time (712). The additional at least one of the change of

state or the expiration of the duration of time may indicate that the operational mode of the

second control signal (e.g., driving the pump at a lower RMS voltage) may be discontinued

and/or the operational mode of the first control signal (e.g., driving the pump at a higher

RMS voltage) may be reinstated. If the additional at least one of the change of state or

duration of time is not identified, then the second control signal may be continued to be

transmitted to the pump.

[0082] Responsive to identifying the additional at least one of the change of state or

duration of time, process 700 is shown to include determining whether therapy is to be

discontinued (714). For example, the determination may be performed based on a user input

indicating instructions to discontinue therapy, or detection of a wound condition or dressing

condition indicating therapy is to be discontinued. If therapy is not to be discontinued, then

process 700 may be continued, such as by generating and transmitting the first control signal

(e.g., to reinstate an operational mode using a relatively higher RMS voltage). Responsive to

determining that therapy is to be discontinued, process 700 may be terminated, such as by

discontinuing control signal transmission to the pump (or transmitting a control signal having

a nominal or zero voltage to the pump).

[0083] In some embodiments, a second temperature of the pump can be received

subsequent to transmission of the second control signal. The second temperature can be

compared to a second threshold that is less than or equal to the first temperature threshold. In

response to determining that the second temperature is less than the second temperature

threshold, a third control signal can be generated and transmitted to the pump, the third

control signal having a third RMS voltage greater than the second RMS voltage (e.g., equal to

the first RMS voltage). As such, when the pump has cooled down to a temperature less than

the second temperature threshold, the amplitude of the control signal used to drive the pump

can be increased to increase performance by the pump. It will be appreciated that the first

and second temperature thresholds may be used together, such that the pump can be driven



cyclically between high voltage and low voltage states to maintain performance at a relatively

high level while avoiding overheating.

Configuration of Exemplary Embodiments

[0084] The construction and arrangement of the systems and methods as shown in the

various exemplary embodiments are illustrative only. Although only a few embodiments

have been described in detail in this disclosure, many modifications are possible (e.g.,

variations in sizes, dimensions, structures, shapes and proportions of the various elements,

values of parameters, mounting arrangements, use of materials, colors, orientations, etc.).

For example, the position of elements can be reversed or otherwise varied and the nature or

number of discrete elements or positions can be altered or varied. Accordingly, all such

modifications are intended to be included within the scope of the present disclosure. The

order or sequence of any process or method steps can be varied or re-sequenced according to

alternative embodiments. Other substitutions, modifications, changes, and omissions can be

made in the design, operating conditions and arrangement of the exemplary embodiments

without departing from the scope of the present disclosure.

[0085] The present disclosure contemplates methods, systems and program products on any

machine-readable media for accomplishing various operations. The embodiments of the

present disclosure can be implemented using existing computer processors, or by a special

purpose computer processor for an appropriate system, incorporated for this or another

purpose, or by a hardwired system. Embodiments within the scope of the present disclosure

include program products comprising machine-readable media for carrying or having

machine-executable instructions or data structures stored thereon. Such machine-readable

media can be any available media that can be accessed by a general purpose or special

purpose computer or other machine with a processor. By way of example, such machine-

readable media can comprise RAM, ROM, EPROM, EEPROM, CD-ROM or other optical

disk storage, magnetic disk storage or other magnetic storage devices, or any other medium

which can be used to carry or store desired program code in the form of machine-executable

instructions or data structures and which can be accessed by a general purpose or special

purpose computer or other machine with a processor. Combinations of the above are also

included within the scope of machine-readable media. Machine-executable instructions

include, for example, instructions and data which cause a general purpose computer, special



purpose computer, or special purpose processing machines to perform a certain function or

group of functions.

[0086] Although the figures show a specific order of method steps, the order of the steps

may differ from what is depicted. Also two or more steps can be performed concurrently or

with partial concurrence. Such variation will depend on the software and hardware systems

chosen and on designer choice. All such variations are within the scope of the disclosure.

Likewise, software implementations could be accomplished with standard programming

techniques with rule based logic and other logic to accomplish the various connection steps,

processing steps, comparison steps and decision steps.



WHAT IS CLAIMED IS:

1. A negative pressure wound therapy device, comprising:

at least one piezoelectric pump configured to apply a vacuum to a wound site; and

a control circuit configured to:

generate a first control signal to control operation of the at least one

piezoelectric pump, the control signal having a first root mean square (RMS) voltage;

transmit the first control signal to the at least one piezoelectric pump;

identify at least one of a change of state of the at least one piezoelectric pump

or an expiration of a duration of time associated with operation of the at least one

piezoelectric pump;

responsive to identifying the at least one of the change of state or the

expiration of the duration of time, generate a second control signal having a second

RMS voltage less than the first RMS voltage; and

transmit the second control signal to the at least one piezoelectric pump.

2. The negative pressure wound therapy device of claim 1, further comprising a

temperature sensor configured to detect a first temperature of the at least one piezoelectric

pump and output the first temperature to the control circuit, wherein the control circuit

identifies the change of state responsive to comparing the first temperature to a first

temperature threshold and determining that the first temperature is greater than the first

temperature threshold.

3. The negative pressure wound therapy device of claim 2, wherein the control circuit is

further configured to receive a second temperature of the at least one piezoelectric pump

detected by the temperature sensor subsequent to transmission of the second control signal,

compare the second temperature to a second temperature threshold less than or equal to the

first temperature threshold, and responsive to the second temperature being less than the

second temperature threshold, transmit a third control signal to the at least one piezoelectric

pump, the third control signal having a third RMS voltage equal to the first RMS voltage.

4. The negative pressure wound therapy device of claim 1, wherein the control circuit

includes a timer, initiates the timer responsive to transmitting the first control signal, and

identifies the expiration of the duration of time using the timer.



5. The negative pressure wound therapy device of claim 4, wherein the control circuit

resets the timer responsive to transmitting the second control signal.

6. The negative pressure wound therapy device of claim 1, further comprising a

resonance detector configured to detect a first resonance frequency of the at least one

piezoelectric pump and output the first resonance frequency to the control circuit, and the

control circuit identifies the change of state based on the first resonance frequency.

7. The negative pressure wound therapy device of claim 1, further comprising a pressure

sensor configured to detect a first pressure of at least one of the piezoelectric pump or the

wound site and output the first pressure to the control circuit, and the control circuit identifies

the change of state responsive to comparing the first pressure to a target pressure and

determining that the first pressure is greater than or equal to the target pressure.

8. The negative pressure wound therapy device of claim 7, wherein the control circuit is

further configured to count a number of identifications of the at least one of the change of

state or the expiration of the duration of time while the first pressure is less than the target

pressure, compare the count to a count threshold, and responsive to determining that the

count is greater than the count threshold, output a notification including at least one of a

visual output or an audible output.

9. The negative pressure wound therapy device of claim 1, wherein the control circuit is

coupled to the piezoelectric pump by an alternating current circuit having a first arm and a

second arm, and the control circuit is configured to generate the first control signal to have

the first RMS voltage by modulating a first phase angle of a first signal component associated

with the first arm relative to a second phase angle of a second signal component associated

with the second arm.

10. The negative pressure wound therapy device of claim 1, wherein the at least one of

the change of state or the expiration of the duration of time is associated with overheating of

the at least one piezoelectric pump.



11. The negative pressure wound therapy device of claim 1, wherein the control circuit

generates the control signals as sine waves.

12. The negative pressure wound therapy device of claim 1, wherein the at least one

piezoelectric pump includes at least a first piezoelectric pump and a second piezoelectric

pump, wherein responsive to identifying the at least one of the change of state or the

expiration of the duration of time, the control circuit transmits the second control signal to the

first piezoelectric pump and transmits a third control signal having a third RMS voltage equal

to the first RMS voltage to the second piezoelectric pump.

13. The negative pressure wound therapy device of claim 1, wherein the at least one

piezoelectric pump is attached to a heat sink configured to dissipate heat from the at least one

piezoelectric pump.

14. A method, comprising:

generating a first control signal having a first root mean square (RMS) voltage;

transmitting the first control signal to at least one piezoelectric pump configured to

apply a vacuum to a wound site;

identifying at least one of a change of state of the at least one piezoelectric pump or

an expiration of a duration of time associated with operation of the at least one piezoelectric

pump;

responsive to identifying the at least one of the change of state or the expiration of the

duration of time, generating a second control signal having a second RMS voltage less than

the first RMS voltage; and

transmitting the second control signal to the at least one piezoelectric pump.

15. The method of claim 14, further comprising receiving a first temperature of the at

least one piezoelectric pump, wherein identifying the change includes comparing the first

temperature to a first temperature threshold and determining that the first temperature is

greater than the first temperature threshold.



16. The method of claim 14, further comprising initiating a timer responsive to

transmitting the first control signal, and identifying the expiration of the duration of time

using the timer.

17. The method of claim 14, further comprising receiving a first resonance frequency of

the at least one piezoelectric pump from a resonance detector and identifying the change of

state based on the first resonance frequency.

18. The method of claim 14, further comprising generating the first control signal to have

the first RMS voltage by modulating a first phase angle of a first signal component associated

with a first arm of an alternating current circuit coupled to the at least one piezoelectric pump

relative to a second phase angle of a second signal component associated with a second arm

of the alternating current circuit.

19. A non-transitory computer readable medium storing computer executable instructions

which when executed by a control circuit, cause the control circuit to perform a method

comprising:

generating a first control signal having a first root mean square (RMS) voltage;

transmitting the first control signal to at least one piezoelectric pump configured to

apply a vacuum to a wound site;

identifying at least one of a change of state of the at least one piezoelectric pump or

an expiration of a duration of time associated with operation of the at least one piezoelectric

pump;

responsive to identifying the at least one of the change of state or the expiration of the

duration of time, generating a second control signal having a second RMS voltage less than

the first RMS voltage; and

transmitting the second control signal to the at least one piezoelectric pump.

20. The non-transitory computer readable medium of claim 19, wherein the method

further includes:

receiving a first temperature of the at least one piezoelectric pump, wherein

identifying the change includes comparing the first temperature to a first temperature



threshold and determining that the first temperature is greater than the first temperature

threshold.
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