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(57) Abrégé/Abstract:

A system for at least partial closed-loop control of a medical condition and method for monitoring the integrity of an analyte sensor
is disclosed. The system includes at least one medical fluid pump, at least one continuous analyte monitor comprising an analyte
sensor, and a controller. The controller is in communication with the medical fluid pump and the at least one continuous analyte
monitor. The controller includes a processor configured to detect whether the continuous analyte sensor is providing unexpected
information and, when detected, prompts a user to inject a volume of an analyte having a predetermined concentration in close
proximity to the continuous analyte sensor for the analyte. The data received following injection is analyzed by the processor to
determine whether the continuous analyte sensor has failed or is providing incorrect or inaccurate information.
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ABSTRACT

A system for at least partial closed-loop control of a medical condition and
method for monitoring the integrity of an analyte sensor is disclosed. The system
includes at least one medical fluid pump, at least one continuous analyte monitor
comprising an analyte sensor, and a controller. The controller is in communication with
the medical fluid pump and the at least one continuous analyte monitor. The controller
includes a processor configured to detect whether the continuous analyte sensor is
providing unexpected information and, when detected, prompts a user to inject a volume
of an analyte having a predetermined concentration in close proximity to the continuous
analyte sensor for the analyte. The data received following injection is analyzed by the
processor to determine whether the continuous analyte sensor has failed or is providing

incorrect or inaccurate information.
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PATENT APPLICATION SPECIFICATION

SYSTEMS AND METHODS FOR FLUID DELIVERY

TECHNICAL FIELD
The present invention relates to the delivery of a fluid and more patticularly, to

systems and methods for fluid delivery.

BACKGROUND INFORMATION

Millions of people hive with diabetes mellitas. These patients ave further commonly
classified into one of two types of disbetes, Type T and Type [I. Type [, historically referred
10 as fuvenile Diabetes, is an antolmmune disease, and is characterized by the inability to
secrete insulin, Type 1118 a disease that compromises the ability t0 respond to insulin
and/or produce enough insulin. Both types of diabeies are characterized by hyperglycemia.
Patient’s living with Type ] disbetes require multiple injections of insulin, a hormone that
towers blood glucose levels, everyday to survive. However, to maintain long-term health

people living with diabetes strive to maintain as close 1 a “non-diabetic” dlood glucose
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level as possible. Maintaining a healthy blood glucose level, however, is a very difficalt
goal to achieve.

To this end, there have been efforts to design portable devices, e.g. insulin pumps,
for the controiled release of insulin. There are many different forms of insulin available.
Most patients using an insulin pamp currently use U-100 insulin rapid-acting insulin (e.g.,
HUMALOG insulin lispre injection or the like) in the pump. Insulin pump devices are
known to have a reservoir such as a cartridge, syringe, or bag, and to be electronically
controlled. However, the delivery rates must be manually entered by the person Hving with
diabetes or a caregiver of that person. Thus, the diabetic patient determines/dictates the
amount of insulin delivered for any given timefperiod of time (i.e,, the “basal” and “bokus”
rate/amount) using information or factors available to them, for example, then blood
glucose readings determined using a blood glucose meter, past data from like situations, the
food they intend to eat or have eaten, anticipated or previously completed exercise, and/or
stress or illness,

However, although the diabetic patient determines the rate/amount based on one or
mere of these factors (or additional factors), managing diabetes 13 not an exact science.
There are many reasons for this, including, but not himited to, inaccurate methods of
delivery of insulin, inaccurate blood glucose meters, inability to correctly count
carbobydrate intake, inability to determine spproaching illness, inability to predict the exact
effects of exercise, and the inability to anticipate or forecast the effect of many additional
hormones or processes in the body,

The nature of managing diabetes is further complicated by the risk of hypoglveemia
which may be fatal. Thus, over-caleulating the amount of insulin required may be life-
threatening. Short-texm effects of hyperglycemia are not fatal; however, complications due
tw long-term hyperglycemia are known and include shorter life span, increased risk of heart
attack or stroke, kidney failure, adult blindness, nerve damage and non-traumatic
amputations. Thus, under-calculating the amount of insulin required may, in the long-term,
substantially affect quality of life as well as lead to fatal complications.

Accordingly, there is a need for systems and methods for deliveting the appropriate
amount (i.e., the amount of insulin requived to maintain a desired blood glucose level) of
nsulin at the appropriate time in a safe and effective manner.

SUMMARY

In accordance with one aspect of the present invention, & system for at least partial

closed-loop control of a medical condition. The system includes at least one medical fluid
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pump. The medical fluid pump including a sensor for determining the volume of fluid
punsped by the purap. Alse, at least one continuous analyte monitor, and a controller. The
controtler is in communication with the medical fluid punip and the at least one continuous
analyte monitor. The controller includes a processor. The processor includes instructions for
delivery of medical fluid based at least on data received from the at least one continuous
analyte monitor.

Some erbodiments of this aspeet of the invention include one or more of the
following, Where the sensor further includes an acoustic volune sensor. Where the system
further includes a network operation venter, fhe network operation center in communication
with the processor. Where the pump forther inclades a pumping chamber having an inlet
connectable to provide fluid communication with a fluid source, and a pump outlet and a
force application assembly adapted to provide a compressive swroke to the pumping
chamber, wherein the comprassive stroke causes a restriction of retrograde flow of fluid
from the pumping chamber through the inlet while urging flvid from the pumping chamber
1o the pump ouvtlet.  Where the force application asserably is coupled to an inlet valve
actuator and to a punip actuator, so that the compressive stroke actuates an inlet valve
coupled between the inlet and the fluid source to close the valve when the pump actuator
causes fluid to be urged from the pumping chamber to the purnp outlet, Where the force
application assembly compnising 8 motor for coordinated operation of the valve actuator
and the pump actuator, wherein the motor includes at least one shape-memory actuator.
Where at least one of the continuous analyte monitors is a continuouns glucose monitor,
Where the systen includes at least one accelerometer. Where the system includes at least
one blood oxygen sensor. Where the syster further inclodes gt least one inertial
nieasurement unit comprising at least one accelerometer and at least one gyroscope. Where
the system includes at Jeast one temperature sensor.

In accordance with one aspect of the present invention, a method for at least partial
closed-loop control of a medical condition is disclosed. The method inchudes receiving
glucose data during a time frame or an event, conparing the glucose data to a previous and
similar time frame or event, determining an unexpected result during the time frame or the
event, and sending an alett signal to indicate an unexpected result,

Some embodiments of this aspect of the invention include one or mwore of the
following. Wherein sending an alert signal includss alerting a user of the unexpected result,
Where the method further includes prompting the user to enter information regarding the

unexpected result. Where the system, not receiving information regarding the unexpected
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result from the user, shuiting down the system. Wherein shutting down the system includes
alerting the user of the shutdown through a series of alarms. Wherein alerting the user of
the shusdown through a series of alarms includes alerting the user of the shutdown through a
series of increasing alarms.

I accordance with one aspect of the present invention, a method for at least partial
closed-loop control of a medical condition. The method includes receiving medical fluid
delivery data during a time frame or an event, comparing the medical fluid delivery datato a
previous gnd sinilar time frame or event, determining an unexpected result during the time
frame or the event, and sending an alert signal 1o indicate an unexpected result,

Some embodiments of this aspect of the invention include one or more of the
following. Wherem sending an alexrt signal includes alerting a user of the unexpected resuls.
Where the method further includes prompting the user to enter information regarding the
unexpected result. Where the system, not receiving information regarding the umexpected
result frons the user, shutting down the systenn. Wherein shutting down the system inchudes
alerting the user of the shutdown through a series of alarms. Wherein alerting the user of
the shutdown through a senies of alarms includes alerting the user of the shutdown through a
series of increasing alarms.

In accordance with one aspect of the present invention, a method for monitoring the
integrity of an analvte sensor. The method includes injecting ¢ volume of an analyte having
a predetertnined concentration in close proximity to a continucus analyvte sensor for the
analyte, receiving data from the continuous amiyée seusor, and analyzing the data {0
determine whether the analyte sensor is responsive to the injected volume of analyle.

Same embodiments of this aspect of the invention include wherein the analyte is
glucose,

These aspects of the invention are not meant to he exclusive and other features,
aspects, and advantages of the present invention will be readily apparent to those of
ordinary skill in the art when read in conjunction with the description as a whole and the

accompanying drawings. -

5
BRIEF DESCRIPTION OF THE DRAWINGS
These and ofher features and advantages of the present invention will be betier
understood by reading the following detailed description, taken together with the drawings
wherein:
10 FIG. I is a diagram of some variables vsed in diabetes management;

Date Recgue/Date Received 2023-04-12



L9

20

34

FIG. 2 a diagram of some varfables used in varions embodiments of the at least
partially closed-loop methods;

FIG. 3 is an ilustration of one embodiment of a cannula having depth indicators
ndicated by different hatch;

FIG. 4 is a graphical representation of an example of a bounded bolus partial close-
foop method;

FIG. 5 is a s a graphical representation of an example of a bounded basal partial close-
loop method;

FIG. 6 i3 an iltostration of one embodimuent of the systemy;

FIG. 7 is a side view of an infusion pump assembly;

FIG. 8 is a perspective view of the infusion pump assembly of FIG. 7;

FIG. 9 is an exploded view of various components of the infusion pump assembly of
FIG. T;

F1G. 10 is a cross-seciional view of the disposable housing assembly of the infusion
pump assembly of FIG. 7;

FIG. 11 1s an isometric view of an aliernative embodiment of the infusion pump
assembly of FIG. 7;

FIG. 12 15 an plan view of the infusion pump assembly of FIG. 11;

FIG. 13 s a plan view of the infusion pranp assembly of FIG. 1]

FIG. 14A is an exploded view of various components of the infhsion pump assembly
of FIG. 16; |

FIG. 14B is an isometric view of a portion of the infusion pump assembly of FIG.
IL;

FIGi. 15 is a eross-sectional view of the disposable housing assemibly of the mfusion
punip assembly of FIG. 11,

FIG. 16 is a diagrammatic view of a fluid path within the infusion pump assembly of
FI1G. 11;

FIGS. 17A-17C are diagrammatic views of a fluid path within the infusion pump
assembly of FIG. 16;

FIG. 18 is an exploded view of various components of the infusion pump assembly
of FIG. 11,

FIG. 19 is a diagrammatic view of a volume sensor assembly incladed within the

infusion pump assembly;
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FIG. 20 is a two-dimensional graph of a performance characteristic of the volame
sensor assembly of FIG:. 19;
FIG. 21 is a two-dimensional graph of a performance characteristic of the volume

sensor assembly of FIG. 19;

L2

FIG. 22 is a two-dimensional graph of a performance characteristic of the volume
sengor assembly of FIG. 19,
FIG. 23 is a diagrammatic view of a volume sensor assembly included within the
mfuston pump assembly of FIG, 7;
FIG. 24 is a two-dimensional graph of a performance characteristic of the volume
10 sensor assembly of FIG, 23;
FIG. 25 is a two-dimensional graph of a performance characteristic of the volume
sensor assembly of FIG. 23;
FIG. 26 is a diagrammatic view of a volume sensor assembly included within the
wfusion pup assembly of FIGL 7,
15 FIG. 27 is a two-dimensional graph of a performance characteristic of a volume
sensor assembly included within the infusion pump assembly of FIG. 7;
FI1G. 28 is a two-dimengional graph of a performance characteristic of ¢ volume
sensor assembly included within the infusion pump assembly of FIG. 7,
FIG. 29 is g two-dimensional graph of a performance charactertstic of a volume
20 sensor assembly included within the infusion pump assembly of FIG. 7;
FIG. 30 is a two-dimensional graph of a performance characteristic of g volume
sensor assembly ncluded within the infusion pump assembly of FIG. 7;
FIG. 31 is a two-dimensiongl graph of a performance characteristic of a volume
sensor assembly included within the infusion pump assembly of FIG. 7;
25 FIG. 32 is a diagrammatic view of a control model for a volume sensor assembly
inctuded within the infusion pump assembiy of FIG. 7;
FIG. 33 is a diagrammatic view of an electrical control assembly for the volume
sensor assembly included within the infusion pump assembly of FIG. 7,
FIG. 34 is a diagrammatic view of a volume controller for the volume sensor
30 assembly included within the infusion pump assembly of FIG. 7
FIG. 35 s a diagrammatic view of & feed forward controller of the volume controller
of FIG. 34;
FIGS. 36-37 diagramumatically depicts an implementation of an SMA controller of
the volume controller of FIG. 34;
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FIG. 38A-38B is an alternate implementation of an SMA controller;

FIG. 39 diagrammmatically depicts a nuulti-processor control configuration that may
be included within the infasion pump assembly of FIG. 7;

FIG. 40 s a diagrammatic view of a multi-processor control configuration that way
be included within the mfuston pump assembly of FIG. 7;

FIG. 41 A~418 diagrammatically depicts nwlti-processor functionality;

FIG. 42 diagrammatically depicts munlti-processor fanctionality;

FIG. 43 diagrammatically depicts multi-processor fanctionality;

FIG. 44 diagrammatically depicts a volume sensor assembly included within the
nfusion pump assembly of FIG. 7;

FIG. 45 is an exemplary diagram of a split ring resonator antenna;

FIG. 46 is an exemplary diagram of a medical device configured to utilize a split
THOE TeSONAOr arienha;

FIG. 47 is an exemplary diagram of a split ring resonator antenna and transmission
tne from a medical infusion device;

FIG. 48 is a graph of the return loss of a splif ring resonator antenna prior to contact
with hunan skin;

FIG. 48A 15 a graph of the return loss of a split ring resonator antenna during contact
with human skin;

FIG. 49 is an exemplary diagram of @ split ring resonator ansenne integrated into a
device which operates within close proximity {o diclectric matevial;

FIG. 30 is a diagram of the dimensions of the inner and oater portion of the
exemplary embodinent;

FIG. 51 is a graph of the return loss of a non-split ring resonator antenna prior to
contact with homan skin;

FI1G. 52A is a graph of the retumn loss of a non-split ring resopator antenna during
contact with human skin.

FIGS. 53A-53B are examples of a basal trajectory and a delivery schedule for that
trajectory;

FIGS. 54A-54B are examples of a basal and extended bolus frajeciory and a delivery
schedule for that trajectory; and

FIGS. 55A-55B are exanmples of a basal, extended bolus and normal bolus trajectory
and a delivery schedule for that trajectory.

Like reference symbols in the varions drawings indicate like elements.
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DETAILED DESCRIPTION OQF THE PREFERRED EMBODIMENTS
Altbough insnlin and diabetes are discussed berein, this disclosure is not limited to

use of the systems and methods for the treatment of diabetes. The disclosed methods and

(93

systems miay be used for the delivery of any fluid, including any medical or therapeutic

fluid, including but not imited to, inzalin, for the treatment of a medical condition,

including, but not limited to, diabetes mellitus.

Described herein are methods and systems for closed loop, of partially closed loep,
controf of diabetes. As described above, many factors affect the amount of insulin a patient
10 or user requires to maintain an appropriate blood glucose level. The term “appropriate” is

used herein to mean a blood glucose level which has been chosen by the patient andéor theix
health-care provider as healthy for the patient. The appropriate blood glucose level for each
patient may vary, as will the appropriate blood glucose level at any given time for any given
patient. in general, many health-care providers recommend maintaining blood glucose

13 levels between 90-140 mun/dl. However, depending on the circumstance, the range may
vary. For example, a patient may deem a blood glucose level of 150 mgidl appropriate
before bedtime, but would consider ihe same reading ingppropriate before megltime.

Referring first to FIG. 1, a non-limiting chart of variables used in diabetes
management are depicted. These varighles shown ate those currently taken into

20 counsideration by patients living with diabetes. These variables include blood glucose levels,
exercise, 1lness, food, sleep and stress.

Blood glucose levels may be detenmined by using at least one blood glucose meter,
for example, the FREESTY LE blood ghicose meter by Abbott Diabetes Care of Alameda,
California. Some blood glucose meters may wirelessly transmit the reading to a pump.

25 However, in addition, blood glucose levels may be determined using at least one continuous
glucose monitor (“CGM™). {n the various embodiments, any CGM may be used, for
example, a FREESTYLE NAVIGATOR Continuous Glucose Monitoring System from
Abbott Diabetes Cave of Alameda, California, or a similar device, The varions CGMs
include an analyte sensor worn by the patient that fransimits electric signals that corvelate to

30 interstitial fluid glocose fevel readings to a handheld or other device at predetermined

ntervals.

Further, the sensor for the CGM may be any as deseribed in U.S. Published
Application No. US-2009-0099522, published April 16, 2009 and entitled Microneedie
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Systems and Apparatus (G34).

Exercise affects peaple with diabetes differently. Also, depending on the nigor of
the exercise, the type of exercise (Le., aerobic or anserobic) and the duration, any given
patient will experience different effects both during and following the exercise. In some
cireumstances, blood glueose levels may increase during the exercise, but decrease
following the exercise. In some circomstances, the dwation and biood glucose Jevel
{owering effect may vary.

Stress may cause elevated blood glucose levels, The duration and imensity of the
stress may produce different results. Similarly, illness may cause slevated blood glucose
tevels, with iltoess duration and intensity producing various results.

Food includes any item ingested by the patient, including but not limited to, solids
and liguids. The food composition, including fat, protein and carbohydrates, greatly
impacts the resulting blood glucose level as well as the rate of absorption of the food. The
absorpiion rate may translate to the rate of increase of blood glacose levels. For example, a
meal high in fat and carbohydrates may absorb at a slower rate and thus, the increased levels
of blood glucose may be seen af 2 later time as compared with 2 meal low in fat.
Additionally, with respect 1o carbohydrates, the glycemic index of the food will greatly
affect the rate of change of blood glucose levels,

Various tvpes of insulin may be used either together or individually. Long-acting,
intermediate-acting, shore-peting and rapid-aciing msuling may be used. Examples include
NPH, Regular, HUMALOG, by Bl Lilly, and NOVALOG, by Novo Nordisk, however, any
insulin may be used. Insulins are also availgble in various concentrations. For example U-
100 and U-400, Various embodiments of the systers and methods may use various
concentrations of insulin.

Insutin and other biologicalsftherapeutic andfor medical fluld compounds are not
orally active due to poor absorption, hepatic metabolism or other pharmacokinetic factors.
Additionally, some therapeutic eompounds, although they may be orally absorbed, are
sometimes required 1o be administered so often it s difficult for a patient to maintain the
desired schedule, In these cases, parenters! dedivery is often emploved or could be
emploved.

Effective parenteral routes of insalin and other fluid drug delivery include
subcutangous injection, intramuscnlar injection, and infravenous {{¥) administration include

punciure of the skin with 4 needie or stylet. Many diabetics prefer an automatic delivery of

Date Recue/Date Received 2021-10-01



30

1

insulin which is possible through the use of insulin pumps. These putaps may be used in
the subcutaneons delivery of other fhuids as well.

Pumps deliver the therapeutic fluid subowaneousty using a cannnla, which is a tube
or needie that 1s miroduced to the subawdancous region of the skin, and remains o the skin
for a pre~approved period of time, typically, no Jonger than 3 days. The cannula is fluidly
connecied to a reservoir of therapentic fuid. The pamp pumps the fTuid from the reservoir
10 the cannula for delivery to the patieat.

Examples of pumps fnclode any pump known, including, but not Hmited to, those
described in U.S. Published Application No. US-2007-0219480, published September 20,
2007 and entitled Patch-Sized Fluid Delivery Systems and Methods (E72); U.S. Patent No.
7,306, 578, issued December 11, 2007 and entitled Loading Mechanism for Infusion Pump
{C34);, U.S. Patent No, 7,498,563, issued March 3, 2009 and entitled Optical Displacement
Sensor for Infasion Devices (D78); or U.S. Published Application No. US-2007-0228071
published October 4, 2007 and entitled Fluld Delivery Svstems and Methods (E703,

or ther fleid delivery punyps,

Additionally, in some emnbodiments, a fluid delivery pump that delivers more than

one type of flutd may be used. The pumps described in the aforementioned U.S, Published

Application No. US-2007-0219480, published September 20, 2007 and emitled Patch-Sized
Fhuid Delivery Systems and Methods (B72); 1.8, Patent No, 7,306, 578, issued December
11, 2007 and entitled Loading Mechanism for Infusion Pamp (C54);, U.S. Patens No.

7498 563, issued March 3, 2009 and entitled Optical Displacement Sensor for Infusion
Devices (D78): or U.5. Published Application No. US-2007-0228071, published Qctober 4,
2007 and entitled Fluid Delivery Systems and Methods (E70} may be altered slightly o
incorpurate one or raore additional reservoirs. These reservoirs may be fluidly connected 1o
the same cannula, or to separate cannulas, Addittonally, for all the above described
cannulas, cannulas such as those described in ULS. Published Application No. US-20005-

00993522, published April 16, 2009 and entitled Microneedle Systems and Apparatus (G34).

The exemplary embodiment includes the use of at least one pump similar 1o the ones
deseribed and shown at least in U.S. Published Application No. US-2007-0219480,
published September 20, 2007 and entitled Patch-Sized Flaid Delivery Systems and
Methods (E72); U, Published Application No. US-2007-0228071, published October 4,
2007 and entitled Fluid Delivery Systems and Methods (R70); U.S. Published Application
No. US-2007-0219496, published September 20, 2007 and entitled Pumping Fluid Delivery
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Swstems and Methods Using Force Application Assemﬁly (E71); U.S. Published
Application No. US-2007-0219397, published Septeruber 20, 2007 and entitled Adhesive
and Peripheral Systems sud Methods for Medical Devices (E73); ULS. Patent Application
Sertal No. 12347 985, filed December 31, 2008 and entitled Infusion Pump Assembly
{G75); ULS. Patent Application Serinl No. 12/347,982, filed December 31, 2008 and emited
Wearable Pump Assembly (G76); U8, Patent Application Serial No. 12/347 981, filed
December 31, 2008 and entitled nfusion Pump Assembly (G77); and ULS. Patent

L

Application Serisl No. 12/347 984, filed December 31, 2008 and entitled Pump Assembly
With Switch (G79),

10 Specifically, the exemplary embodiment includes a pump having an acoustic volume
sensor apparatus capable of measuring the volume of fluid pumped by the pump.

In varipus embodiments, the systera ingludes at least one continuous analyte sensor,
and in some embodiments, at least one continnous glucose monitor (“CGM™), an infusion
pump, Huid pump or medical thutd pump to pump at least one medical fluid, e.g., insulin,

153 and a controlier. In some embodiments, the systern additionally includes one or more
additional continuous sensors, whether analyte or other. The system components transmit
darz or are controlled by the controlier,

Referring now to FIG. 2, the system controller, or fhie methods of determining fluid
delivery volume and timing, takes o number of factors info consideration when determining

20 timing voluwe for dispensing fluids. These factors presented in FIG. 2 are a non-exhaustive
hist of factors 1n which the controller may {ake into consideration. The system and the
methods aim to take data into consideration and deliver insolin or a counter-regulatory to
osulin, in response, 1o mantain & desired blood glucose level,

The system may use at feast one CGM. CGMs include a glucose sensor (zeferred to

-2
La

as a “sensor” of “analyie sensor”). In various embodiments, the CGM sensor 15 introduced
and remains in the user’s interstitial Huid located on the body, e.g., on the abdomen. The
CGM sends electrical signals at predetermined intervals to a receiver or comroller. The
reveiver or controlfer correlates these elecitic sipnals to o glucose value. In some
embodiments, redundant COMs are used to provide more than one interstitial glucose

30 reading af any given reading tirme for safety concetns.  In somie embodiments, the
redundant CGMs may be one or more additional CGMs (the same CGM) located in
differens parts of the patient. In other embodiments, the redundancy may be provided by
oNe Or [ore sensors integrated onfo a single CGM apparats where all of the sensors are

introduced into a similar place on the patient nd in some embodiments, using the same auto
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inserter. In some embodiments, one or more redundant sensoss may be sensors introduced
to differsut depths in the patient, e.g., if there are 4 redundant sensors, each sensor is
introduced 10 a different depih in the patient.

Redundant sensors provide additional safety. The sensor readings may be sent to a
processor which may use various methods to determine if the system should accept the
reading, or which reading the system should accept, for use in determining the amount of
insulin to deliver. For example, the processor may determine if the values vary more than
6%, for example {in other embodiments, the percentage different may be different and niay
be determined and/or specified based one or more calibration techniques) then the readings
may not be used for delivery and re-calibration (i.¢., by & finger-stick) is required. 1fthe
processor does not receive a signal from one, the processor may be programmed to ignore
that sensor. I all redundant sensors read the same or similar value (again, within s
percentage that may be pre-programmed or may be pre-determined), then the systeny may
be more confident the value is closer 1o Correct.

I some embodiments, the redundant sensors may be calibrated differently. For
example, one sensor may be calibrated to be more sensitive than the other sensox(s). In
some embodiments, the various sensors are tuned to different dynanic ranges, For
example, wher2 two sensors are used, each of the two sensors are tuned to a different range,
one is tuned to be very sensitive to low blood plocose levels, the other taned to high blood
glucose levels. If for example, the sensor tuned low is reading 60 my/di, the system will
recognize that the sensor is in the patient and veading. 1f the sensor tuned high is reading
250 mg/dl, the system may confirm the sensor is in the patient and reading. In other
embuodiments, the redundant sensors niay be tuned based on a thine-constant, i.e., one sensor
reads faster than the nexy, etc.

In some embodiments, a patient may stagger the introduction of ane of more CGMs
such that for any given day, there is always a calibrated sensor providing data to the
controller/system. ki some embodiments, one or more CGMs is an implantable CGM.

In various embodiments, the system may include one or more additional sensors
sensing various conditions/health or other analytes of the patient. The conditions sensed, in
the exemplary embodiments, ave those analytes or other health indicators that affect the
patient’s insutin requirements. The additional sensors may include, but are not limited to,
one or more of the following:

Heart rate sensor;

Analyte sensor for one or more hormones;
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Thermistor: monitor patient temperature;
Temperatute sensor: monitor medical fluid temperature;
Accelerometers;

(iyroscsopes;

foertial Measurement Unit (CIMU™,
Respiratory rate monilor;
Carbox-symmetry sensor;

Galvanic skin;

Adrenaline sensor;

Oxygen saturation sensor;

Hydration sensor;

White blood cells coumt sensor; andfor
Signaling horinone sensor.

Additionally, one or more of the sensoss, in some embodiments, may be embodied
as micro needie-sensors, similar 1o those described in U.S. Published Application No. US-
2009-0099522, published April 16, 2009 and entitled Microneedle Systems and Apparatus
(G343,

In some embodiments, system may include at least one inertial measurement unit
("IMU™), In various embodiments, any type of IMU may be used. In some embodiments,
the IMU is a device capable of sensing motion using a combination of sensors. Varions
IMUs may include, e.g., one or more accelerometers and/or one Or move gyroscopes, to
measure onentation relative to gravity, including, but not limited to, sensing type, rate, and
direction, using a vombination of accelerometers andfor gyroscopes. The data collected
from the at least one IMU may be used to determine whether a user is moving. In some
embodiments, the data collected may be used to determine whether a user is sleeping or has
fallen. In other embodiments, the IMU may be used to determine the user™s speed and
direction changes. which may indicate the type of activity the user is performing, ¢.g.,
runaing, skiing, plaving tennis, ete. Thus, at least one IMU may be used to determine the
movement of the user and the data may be collected by the controlied and used by the
ProCessor,

It should be understood that although the use of at least one IMU for determination
of movement of a user is described herein, the at least one IMU may be used in conjunction
with any one or more various devices and’ sensors 1o determine the movement or activity of

a user, including, but not limited to, an blood oxygen sensor.  In some embodiments, the
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IMU may bea MICROSTRAINR 3DM-GX1® by Microstrain, Inc., Williston, VT, In some
embodiments, the IMU may be located in the pump or in the controller or may be a separate
device worn by ot on the user. In some embodiments, the IMU used may be a 3-axis IMU

including accelerometers and gyropscopes, In some embodiments, the IMU may include 3

L

accelerometers and 3 gyroscopes. These IMUs include sufput relating to pitch, roll and
yaw. However, these devices may be large and/or heavy and/or have large power
requiremnents. Thus, it may be desirable, in some embodiments, to use an IMU with
including at least one accelerometer and at least one gyroscope.
In some embodiments, one ot maore, but not limited to, the following may be used
10 wmay be used to determine whether a user is exercising or otherwise stressed or experiencing
a situation which may change the insulin sensitivity or insulin requirements: a heart rate
monitor, respiratory rate monitor, adrenaline sensor, thermister, and/or hydration sensor. In
some embodiments, a hydration sensor may be used to detenmine whether a user may be
dehydrated, which may contribute 10 unexpected glucose data. In some embodimenis, a
15 temperature sensor may be used to monitor the temperature of the medical fuid, which may
include insulin, which may be used to predict unexpected resubts or alarm/alert the user
when the temperatare is higher or tower than recommended. In various other embodiments,
additional sensors may be used. In various embodiments, one or more sensors may be used
and these sensors may be used on the user, in the pump, and/or in the controller and/or as 4
20 separate device, or in combination thereof,
The controHer serves as at least one user interface, and also a central user interface
for the CGM(s)/sensors, the pump, and the patient’sfuser’s interface with the control
system.  For purposes herein, the controlier may be programmed by a patient, a “oser”, a

care-giver, a health-care provider or any combination thereof. For purposes of this

I
2N

description however, the texm “patient” or “patient’user” or “user” refers to anyone entering
information into to controller, or utilizing the controller to provide care for the patieat. In
the exemplary embodiment, the system controller communicates with the various system
components vig wireless, e.g., radie frequency (“RF™) conumunication and/or other types of
remote communication. In the exemplary embodiment, the controller includes a graphical
30 wser interface (“GUI) and one or more inpot device, e.g., button(s}, capacitive slider(s}, jog
wheel, touch screen, keypad, electronic keypad, and any other input device.  The controller
also includes at least one processor, although in the exernplary embodiments, the controller

mehudes at feast two processors, a control processor and a safety processor. These
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processors may be redondant processors, or two different processors providing redundant
processing or checking the processing of one another.

Some embodiments of the controller may include at least one “event™ or specialty
button, e.g., a “food” button, an “exescise” button, and a “bolus” button. In some
embodinments, the controller may contatn a single “event” button. Pressing or actuating this
button may bring the user lo an event menu, which may inchude a list of potential events,
one or more of which may be customizable to the user.

With respect to al event buttons, these butions, when pressed, would bring the
patient/user either to a menu or a processing logic that enables the patient/user to input
directly into the processing logic for exercise, food or bolus, for example. The logic may
then query the patient/user to enter additional information, for example, how long the
exercise is expected to last, how rigorous, how much food (i.e., how may carbohydrates),
glycemic index, fat content and protein content of the food. With respect to bolus, the
patient/user would be able to fuput the voluine of a botus by using a series of bution presses
or by using another input device, Le., jog wheel, button or slider, to input the requested
volume of insulin, i.e., the units of insulin. In some embodiments, the user mterface
mcludes many of the same features ag found on insulin pumps and pump controllers known
in the art.

In the exemplary embodinent, the controller also includes a “strip reader”, ¢ a
space that sccepts a glucose test strip for use in “finger stick™ or “fingerstick™ readings, e.g.,
the patient pricks their fingers and uses the blood from the finger to apply to the “finger
stick”. The “strip reader™, using electrochemical testing, determines the blood glucose level
of the blood. The strip reader may be used to calibrate the CGM, to double check
unexpected or unusual readings, or as a back-up to the CGM iu case of CGM failure. In
some embodiments, the strip reader may be a separate device, such as a glucose meter. In
these embodiments, the glucose meter may either wirelessly receive the fingearstick reading
or the user may manually input the reading into the controller.

The GUI may be a color GUI, a black on gray screen, and/or s touch screen or other.
The GUI may additionally accept and/or give voice commands and/or provide for
maguification on reguest,

The controller additionally includes at least one speaker and in some envbodiments,
at least one vibration motor. [ some embodiments, the controller may include any one or
more of the features described in U.S. Published Application No. U$-2008-0198012,
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published August 21, 2008 and entitled Device and Method for Food Maunagement (F21).

The controller, in some embodiments, serves as the receiver for the at least one
senssor, including but not limited to, the at Jeast one CGM. As such, the user will indicate to
the controller when a new sensor is introduced into the body. In some embodiments, the
user may additionally Input the location of the sensor on the user’s body, e.g., which
include, but are not limited to, right abdomen, left abdomen, right arm, left arm, xight hip,
teft hip, right left, left leg, etc. This may be desirable as the sensor may perform differenily
in different areas on the body. As the controller will records and process this data, the
controller may calibrate the sensor based on past profile information indicating “lag™ and/or
“drift” information from the same area of the body.

The medical flaid pump/infusion pump/insulin pump/fluid pump in various
etsbodiments, is used to deliver medical fluid, which includes insulin, and may include one
or more resexvairs for delivery of one or move fluids (thus, the various reservoirs may
contain the same fluid or different fluids). T some embodiments, the medical pump may
deliver more than one tvpe of fnsulin {for example, one or more of the types described
above). However, in some embodiments, the medical pump including more than one
reservoir may be used to deliver insulin and at least one counter regulatory hormoue, e.g.,
glucagon. The medical pump may be any of the puraps described in 11,8, Poblished
Application No. US-2007-021 9480, published September 20, 2007 and entitled Patch-Sized
Flutd Delivery Systems and Methods (E72); U.S. Patent No. 7,306, 578, issved December
t1, 2007 and entitled Loading Mechanism for Infusion Pamp (C54); ULS. Patent No.
7,498,563, issned March 3, 2009 and entitled Optical Displacement Sensor for Infusion
Devices (D78); LS. Published Application No. US-2007-0228071, published October 4,
2007 and entitled Fluid Delivery Systems and Methods (E70); U.S, Published Application
No. US-2007-0219496, published September 20, 2007 and entitled Pumping Fluid Delivery
Systems and Methods Using Force Application Assemibly (£71); U.S. Published
Application No. US-2007-0219597, pablished Sepiember 20, 2007 and emitled Adhesive
and Peripheral Systems and Methods for Medical Devices (E73); U.S. Patent Application
Serial No. 127347985, filed December 31, 2008 and entitled Infusion Pump Assembly
(G753 ULS, Patent Apphication Serial No. 12/347.982, filed December 31, 2008 and entitled
Wearable Pump Assembly (G76); U.S. Patent Application Serial No. 12/347 981, filed
December 31, 2008 and entitled Infusion Pump Asserubly ((G77); 1S, Patent Application
Serial No. 12/347,984, filed December 31, 2008 and entitled Pump Assembly With Switch
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{G79); US. Published Application No. US-2009-0099322, published April 16, 2009 and
entitled Microneedle Systems and Apparatus (G34); and U.S. Published Application No.
U8-2009-0099323, published April 16, 2009 and ensitled Infusion Pump Assembly (G46), .

or a modification

L

thereof to accommodate multiple reservoirs.

The system: may inclade one or more alarms, including but not Imnited 1o, one or
more vibration motoss and/or ong or more speakers on the controlier, and in some
embodiments, one of more vibrations and/or speaker motors on the medical pumyp. Some
alarms, in some embodiments, may be propressive alarms, t.¢., depending on the alarm type,
10 the alarm progressively become louder or more aggressive. Alarms may be used fo indicate
any of & myriad of conditions, jnctuding but mot limited 0. high blood sugar, falling blood
sugat of low blood sugar, occlusions, emply or near empty reservoir, system failures,
dislodged canunla, dislodged sensor, or any other condition that a patient tay wish to be

aware.

ey
Wy

1 some embodiments, the alarm system may further faclude a signal amplifier
geparate from the pump and controller, The amplifier may receive the alarm signal, and
amplify the slarm. The signal amplified, in some embodiments, may be a separate device
that may receive wireless transmissions from the pump and/or the controller, In some
embodiments, the signal amplifier may signal another device totumon, ez, a TV ora
20 stereo, awtomatically trigger a phone 1o ring, or in some emwbodinents, where the alarm is
not confirmed by the patiemt/user, the signal amplifier may place a call to an emergency
service of an emergency contact number that is pre-progranumed by the patient/user.

In some embodiments, the patient/user may select different types of alarms for

different events/times of day. These selections may be pre-programmed (e.g., every night

vy
A

from opm-Gam, a sighttime alarm sequence will be used if an alarm condition sensed), or
may be selected when desired {e.g., before swimming, vsing a menu, the patient/user may
select the “swinming alarm”, which may be vibratory only, for example). The controller,
in the exemplary embodiment, may be fally progranmmable with respect to the alarms such
that & padent/user may elect escalsting of progressive alavms for some situations, vibration
30 omly for others. Additional alarm conditions that may be programmed by the patient/user
include but are nof timited to the condition required to silence the alacm. (for example, a
nighttime alarm silence condition may require a series of fnputs ta ensure the patient does

not turm the alerm off in their sleep without confimming the condition).
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The system may use one or more indicators to determine when one or more cannulas
have become dislodged from the patient. In some smbodiments, a conductivity sensor may
be used to determine if the cannula has becowne dislodged from the patient.  In some

embodiments, the cannual may include a conductive pad around the cannual e g, a pad

¥

mncluding at least two electrodes electrically coupled to a central processor. Where the
cannula is distodged, the insalin wilt be delivered into the pad, thus, changing the
conductivity of the pad.
Referving now to FIG. 3, in some embodiments, the cannulg used in the system may
be a cannula including two of more tubing colors serving as visual indicators of
10 dislodgement. For illustration purposes, the tubing colors are represented with different
hatch marks. For example, the tip of the cannual may be red, the center blue and the end,
clear tubing. Thus, the patient may determine, through visual inspection, whether the
cannula has become dislodged from the patient.
The system may include one or wore integrity ests 1o determine whether the one or
13 more CGM sensors has failed or is providing incorrect or inaccurate information. The terms
“incorrect” or “inaccurate” information may be defined as a percentage difference between
the CGM reading and a fingerstick reading. The percent difference may refer to when the
CGM reading is either 8 percentage higher or a percentage lower than the fingerstick
reading. In some emhodiments, any number higher than e.g. a 30% difference between the
20 fingerstick and the CGM, may be rermed “incorvect information™ or “inaccurate
information”. In other embodiments, this percentage may be higher of lower than 30%. In
some smbodiments. this percentage may vary between users and CGM systems.
In some embodiments, a temperature integrity test may be used, Some CGM
sensors may experience a drift per degree of temperature shift. For these CGM sensors, in
25 some embodiments, where the temperature is modulated either higher or lower, the system
expects a likewise percentage and/or proportional drift in CGM values. In some
embodiments, the system may prompt the user to first, take a fingerstick and then, encounter
a temperature shift and take a second fingerstick reading as well as note the CGM reading.
This may provide an integrity test for the CGM. In some embodiments, the system may
30 prompt the user in this way and may await a temperature shift (which may be determined
{rom a temperature seusor in the pump or controller}, then prompt the user to take the
second fingerstick. The system may ther compare the fingerstick reading to the CGM
reading before and after the temperature shift. 1f the particalar CGM, which is expected to

experience a shift due to temperature, does not shift, then this may be an indication that the
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integrity of the CGM system has been compromised. In these cases, the system notifies the
user of this error and ceases comtinuing the semi-closed or closed loop system of control.

In some embodiments, the system may prompt the user to inject a small volume of
glucose into an area under the skin, in an area in close proximity to the CGM sensor. The
small volume of glucose may be a solution consaining a particular concentration of glucose.
The system may expect an increase in the glucose readings from the CGM a shori time
following the injection. I some embodiments, where this same test has been performed on
the same user, gnd where the solation is identical to one used previously, and where the
injection was performed in the same manner, and in the same area in relation to the sensor
as previously, the results and profile of the user’s response may be in the system and thus,
the system may compare the new results to old results or an average of old results. 1fthe
COM reading does aot indicate the presence of glucose, or does not match the old results or
the average of the old results within a margin, then this may be an indication that the
integrity of the CGM sysiem bas heen compromisad. In these cases, the svitem notifies the
user of this error and ceases continuing the semi-closed or elosed loop system of control,

In some smbodiments, the system may prompt the user to take a fingerstick reading
on demand, This reading may be used as a system integrity check andfor to calibrate the
onie or more CGM sensars.  With respect to a fingerstick on demand as an integrity check,
where the fingerstick reading does not confirm the CGM reading within & percentage, then
this may be an indication that the integrity of the CGM system has been compromised. In
these cases, the system notifies the user of this error and ceases continuing the semi-closed
or closed loop system of control. With respect to a fingerstick on demand as a calibration,
where the fingerstick reading does not confirm the CGM reading within a percentage, then
this may be an indication that the integrity of the CGM system may have been
compromised. The system may request the user enter a second fingerstick to confirm the
first fingerstick reading. After the second fingerstick reading, where the second reading
confirms the first reading, the system may resume (where the reading confirms the CGM
integrity) or, where the readings confirm the integrity may be compromised, the system may
notify the user of the ervor and cease cominuing the semi-closed ar closed loop systems of
contrel.

In some embodiments, with respect to the fingerstick on demand, where the system
requests a fingerstick and the system does not receive a fingerstick reading within a
predetermined amount of time, e.g., five (5) minutes or ten (10) minutes, the system may

default to end closed-loop or semi-closed loop mode. This provides an additional safety and
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also may increase the accuracy of the CGM readings as the system may require, i1 some
embodiments, frequent calibration to assure reliable CGM readings.

With respect to the various integrity tests described heretn, in some embodiments,
rather than sending a system ervor or alert, in some embodiments, and in some instances,
with any of the integrity checks, the systent may determine the percentage ditference in the
CGM readings from that which is expected and adjust readings accordingly.

Tn some embodiments, the CGM may provide different or “bad” data when a user is
applying pressure to the sensor, e.¢., has rolled onto the sensor duting sleep. In some
embodiments, the system may tuxn the sensor off during these times, and may additionally
welude an indication alert on the controller screen. In some embodiments, when the
controlier senses the user is at sleep, the system may shut down, and after a certain amount
of elapsed time, e.g., 30 minutes, the system may turn the sensor on, If the
problem/pressure has corrected itself, then the system may resume. This may be desirable
w aliow the user 1o continue sleeping and perhaps, take the pressure off the sensor on their
own, rather than waking them in the night. In some embodiments, during the shut down,
delivery of isalin will also stop.

Ju some embodiments, if after the elapsed time, the system does not correct itself,
the systent will alarm and alert the vser that the system has shut down.

To manage diabetes using at least a partially closed-loop method, the components of
the systemn described may be used to deliver controlied volumes of insulin and, in some
embodiments, a counler regulatory hormone, e.g., ghucagon, according to a variety of
methods, some of which are described herein. It the exemplary embodiments, the conirol
methods rety on the use of g gystem that includes the ability © actively measure the volume
of insulin or other fluid that is actually delivered to the patient (as opposed to measuring the
volume of nsulin requested by the user or pre-programmed by a user to be delivered); at
least one CGM and a user interface and processes contatning instructions for the at least
partial closed loop algorithim, Other sensors and data input models may also be included, as
described i more detail above. However, in some embodiments, purps that do not
actively measure the volume of insulin or other fluid that the pump is actually delivering to
the patient may also beused. In these embodiments, an assumption is wade that the volume
dehivered to the patient i3 the volume requested by the processor {unless or untila
mechanical malfunction or occlusion is detected).

Referring to FIG. 6 a patient 12 is shown wearing a medical Thid pusp 14, a sensor

apparatus 16 and holding a controller 18, The sensor apparatus 16 may contain one or more
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CGMs, and one or mote additional sensors. The sensors transmnit data f0 the conirolier 18,
The medical fluid purmp 14 is shown as a patch pump similar 1o any one of the patch puwups
shown and described in U8, Published Application No. US-2007-0219480, published
September ‘20. 2007 and entitled Patch-Sized Fluid Delivery Systems and Methods (E72),
U8, Published Application No. US-2007-0228071, published October 4, 2007 and entitled
Fluid Delivery Systems and Methods (E70); U.S. Published Application No. US-2007-
0219496, published September 20, 2007 and entited Pumping Fluid Delivery Systems and
Mothods Using Force Application Assembly (E71); U.S. Published Application No, US-
2007-0219397, published September 20, 2007 and emtitled Adbesive and Peripheral
Systems and Methods for Medical Devices (E73); U.S. Patent Application Serial No.
12/347,983, filed December 31, 2008 and entitled fnfusion Pump Assembly (G755, U S.
Patent Application Serial No. 12/347,982, filed December 31, 2008 and entitled Wearable
Pump Assembly (G76); U.S. Patent Application Serial No. 12/347 981, filed December 31,
2008 and entitled [nfusion Pump Assembly ((G77); U.S. Patent Application Serial No.
12/347 984, (iled December 31, 2008 and entitled Tl?ump Assembly With Switch (G79), U.S,
Publishied Application No, 118-2000-0099522, published April 16, 2009 and entitled
Microneedle Systerns and Apparats ((G34); and U.S. Published Application No. US-2009~
8099523, published April 16, 2009 and entitled Infusion Pump Assembly (G46).

The patch pump 14 is controlled
by the controtler (although in some embodiments, may also include a user interface
allowing for control by the patient/user) and transmits information to the controller 18,
Thus, the controller receives information relaﬁug‘ to the one or piore sensors and the pump.
The controller additionally receives inputs from the user, e.g., events, and may receive
mnual inputs for fingerstick readings or fingerstick data. Additionally, the controller, in
some embodiments, may receive information relating 1o food or glucose readings, eic.,
wirelessty. In some embodiments, the controller includes voice recognition, thus, in these
embodimens, the controller may receive commands via voice.

The control methods deseribed herein, in the exemplary erubodiments, may include
user calibration to the systeny. User calibration refers to calibrating the svstem to the user.
This may include, but is uot limited to, collecting CGM data ai prescribed thines doring or
following a preseribed event. These may inclade, but are not limited to, one or more of the
examples given herein,

A prescribed event may include any event the system requests, e.g., a fasting event,

an exercise event, a meal event, aud/or a sleep event. The system may prescribe that a user
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undergo a “fasting event”. In some embodiments, this includes prompting a user to fast
daring a certain peniod of time. For example, fasting times may include, but are not limited
to: between midnight and 10am; between Sam and 2pmy; between 2pm and 7pm; and
between 7pm and midnight. These may correlate to a morning fast, a tunch fast, a dinner
fast and an overnight fast. The system may take periodic readings during this time to
characterize or profile the user. In some embodiments, the system may require and prompt
the nser to perform a fingerstick at certain intervals as a verification of the CGM at this
time. These resulting profiles may be used in many ways, including but not limited to;
recommending basal setting changes, identifying anomalies, and/or recommending changes
m basal boundaries. In some embodiments, the system may recommend or prompt a user 1o
complete a fasting profile several times a year, or, as the systen identifies anomalies in the
insulin :requireméms or in the CGM data, the system may prompt the user to complete a
fasting profile to either identify a potential problem with either the pump, CGM or
controller system integrity, or o identify times of day or avents where the user may wish to
reconsider boundaries and/or the trajectories or rates, etc.

Other prescribed events may include ane or more exercise events. During these
events, the user may input the type of exercise being performed. The system may take
regular CGM readings and prompt fingerstick verification during the event. Again, as with
the fasting events, the system may recommend or prompt g user to complete an exercise
profile several times a vear, or, as the system identifies anomalies in the insulin
requiremnents ot in the CGM data, the system may prompt the user to complete an exercise
prodile to either identify a potential problem with either the pump, CGM or controller
system integrity, or to identify times of day or events where the user may wish to reconsider
boundaries and/or the trajectories or rates, ete. In some embodiments, the system may
prompt o1 the user may request these events. Also, in some embodiments, many different
types of exercise events may take place, for example, but sot limited to: anaerobic events,
long duration aerobic, short duration anaerobic, long during anaerobic, etc. In this way, the
user may input to the system when they are undertaking any of these evenis and thus, the
system may collect additional data that may be used for identification of anomalies and/ar
recommendations to consider the boundaries and/or trajectories during these events,

An eating event may be performed by request from the system or the user. The
eating event may be helpful to the user and/or the system to identify an eating event (where
the user fails to input the event into the system, the system itself may recognize the patlemn

and prompt the user with a question, ¢.g., “are you eating?™). In some embodiments, more
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than one type of cating evenis may be captured, for example, these include, but are not
Himited to: breakfast, lunch, dinner, moming snack, afternoon snack, and evening snack. In
some embodiments, the system may request that the user, e.g., “eat a candy bar”. In these

embodiments, the user may select 2 candy bar and through an input, enter the information

0t

relating to the candy bar into the controller. Then, the user may elect to begin the requested

calibration. The user may eat the candy bar, and the controller may collect vations glucose

or other types of data, during this time. Thus, the system collects a “profile” for this candy
bar, which may be used later either for the same candy bar, and/or for the candy bar at that
particular time, under the same or similar circumstances, In some embodiments, the system

10 may specify “no exercise” for non-exercise calibration during a calibration day. In some
embodiments, the system may specify that the user “exercise™ and then eat a particular
weal. In each case, the user may interact with the controller, inputting various information,
ncluding, but not limited to, the type and/or duration of meal and/or the type and/or
duration of exercise.

135 Lo general, patient calibration refers to calibrating the system to any one or more, but
not limited to, of the following: the patient’s insulin sensitivity, total reaction time (and
kinetic profile) for a given insulin in the patient, body fat index, Mood glucose profiles for
particular foods or types of foads, blood glucose profiles for particular exercises (both
type/rigor and duration), current medications, other disenses and blood glucose profiles for

20 any oue or more, but not Himited to, the following: nighttime/sleep, illness, workdays,

school days, exam periods, weekends, travel and the like, i.e., for any life-situation in which

the patient may experience frequently enough the patient (or care-giver, health-care
provider) renders it helpfol for the system to leam the blood glucose profile for that

experience/situation,

2
Lh

Once the patient calibration for any of the above (or other) is completed, the system
may be able to identify anexpected results (L.e., unexpected blood glucose profiles) for any
of the calibration types. In some embodiments, the system may alert the patient that any
one or more calibrations must or should be repeared due 1o unespected results.

The patient/user may program a preference for when these alerts, e.g., pre-program
30 the percentage off from the expected that will wrigger an glert or any given calibration,
Thus, the patient/user may limit alerts and re-calibrations based on particular/pre-set
abertations. Also, the patient/user may override the alerts. Further, the patient/user may
prefer alerts be triggered where the aberration is 3% during the night, whereas they may
prefer 10% during stress,
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In some embodiments, the controller may include a menu for calibration for various
situations. In some embodiments, the patient may have the ability to add to the calibration
menu, and/or customize the menu. Where the patient is experiencing any of the sitnations,
the patient may enter this information into the controller, thus, the processor/eontrolier will
know to compare the readings and insulin delivery to the calibrations. Also, the processor
may store the data for each situation, and learn from the data, i.e., adjust the delivery based
on this data.

in some emebodinments, whers there is an onexpected result, the user may have the
opportunity to explain the abemation/unexpected result. For example, if a patient intended
to eat a meal, and input this information into the system, but failed to eat, e.g., changed their
mind or forgot, the system, in reviewing the blood glucose readings, may see that the
patient’s blood glucose levels have not risen, as would be expected, thus, this may qualify
as an aberration from the expected. The system may alert the patient of an aberration, and
the patient may nput (thru a menu or other) thai the intended meal did not take piace.

In other embodiments, where the user has not entered an event into the system and
the system, through CGM or fingerstick data, senses a profile similar to an event, or a
profile indicating the unespected results may be due to a CGM failure, cannula failure,
insulin malfunction (e.g., ocelusion, decreased activity due to temperature of age, efc.), the
system may not changing the volume or schedule of delivery of insulin, rather, the sysiem
may prompt the user 1o enter additional information, e.g., an event, before changing the
schedule of insulin delivery. For example, if' a user does not enter a meal event into the
system, and the sysiem, through CGM or fingerstick data, senses a blood glucose level that
18 uncharacteristic for the time of day and/or would require the systent to exceed a
preprogrammed basal boundary, the system may alert the user that there are indications that
a greater volume of insulin may be required 1o be delivered than is either allowed for that
time of day, 1., the vohane may exceed a preprogrammed boundary, or that the delivery
would exceed the maxinum volume for the day. In some embodiments, the user may have
the opportunity to enter an event or additional information, within a preprogrammed time
from the alert, e.g., within five (3) minutes. The information enterad may either confinn the
blood glucose data, e.z., based on predetermined profiles, or if the information does not
confirm the blood glucose data, the unexpected blood glucose data may be an indication that
something unexpected and unpredicted has occurred and may alert the user and shut-down

the closed-loop or semi-closed loop system. In these embodiments, if the user fails to
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provide any information explaining the unexpected blood ghicose data, the closed-loop or
semi~closed loop system may shut-down,
In various embodiments, the closed-foop and/or semi-closed loop systent may not

shut down without first notifying the user, i.e., the system will not undergo a silent shut-

N

down, e.g., a shut down without notifying the user before shutting down.

In some embodiments, as discussed above, the system may prompt the user to inject
4 small volume of glucose into an area under the skin, in an area in close proximity to the
CGM sensor. The small velume of ghucose may be a solution containing a particular
concentration of glucose. The system may expect an increase in the glucose readings from
10 the CGM a short time following the injection. In some embodiments, where this same test
has been performed on the same user, and where the solution is identical to one used
previousty, and where the injection was performed in the same manner, and in the same area
in relation to the sensor as previousty, the results and profile of the user’s response may be

in the system and thus, the sysiem may compare the new resulis to old results or an average

e
W

of ofd results. However, this procedure may additionaily be used in a user calibration

process, where the resulting glucose profile of the user may be used by the system as a

reference of the expected response from X grams of quick acting carbohydrate in the wser.

This profile, in some embodiments, may be used to recommend a type of snack to the user

to treat an anticipated or sensed hypoglyceniic episode,

20 Various control algorithuns may be appliad to the at least partially closed-foop
system, In some embodiments, the control algorithun(s) that are applied is patient/user
selected. In some embodiments, the various conirol algorithms include parameters that are
patient selected.

The control algorithms may be turned on or off at any time by the patiest/user.

25 Various algorithms may be used at different times and are patient driven. Thus, in the
exemplary embodiment, the patient/user maintaing control over the use of any given
algorithm and that algorithm may be ovenridden at any time.

Any one or more of the algorithms described below may be used at any tine,
Althongh some examples of algorithms are discussed below, various embodiments of the

30 systems described above may be used in conjunction with sny control algorithm the

patient/user desires. Thus, additional algorithms may be developed that would be easily

integrated onto the controller to be used to at least partially control the delivery of insulin,
The control algorithms reside, in the exemplary embodiments, on the controller.

However, in some embodiments, the control algotithms may reside on the pump, in addition
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to the controller, or instead of the controller. The myriad of control algovithims may be
accessed by a control system.  The control system will recetve several patient specifie
inputs which may be utilized by any control algorithm. These inputs include patient
catibrations.

In some embodiments, the system includes a network operation center *NOC™). A
NOC may be nsed to coordinate activities and resowrces. The NOC may communicate with
the controller and/or the pump via a network connection or wirelessly. The NOC being
remote from the controlier/pump may include greater processing power than the controller
or pump, thus, may include adaptive software, In some embodiments, the NOC may
include articifical intelligence and/or clinical software. Thus, in these embodiments, the
NOC, rather than the pump or controller {or a user’s personal computer or “PC”) would host
the clinical software. This may be desirable to prevent software tampering and also,
provide a central point for software updates. These updates may be downloaded via a
network onio the pump and/or controlier and/or user’s PC.

In some embodiments, the patient/user specifies a “target blood glucose value”™ or a
“target blood glucose range™ for time ranges or other characterized experiences,

e, inchuding but not linited to one or more of the following, a target range for exercise,
iness, nighttime, pre-meal, post-meal, during meal, etc. These target values may be
changed at any time by the patientiuser, based on permissions that are granted (i.c., in some
embodiments, only particular users, 1.2, patient and care-giver, have permission or access to
chiange the target valyes.

Using the data from the one or more sensors, together with the patient calibration
data, the control algorithms serve ag methods for conteoling the delivery of lusolin o the
patient,

One algorithm that may be utilized is a partial closed-loop algorithm,. This refers to
an algorithm that provides for closed-loop control of the delivery of insulin but within a
“range” or “set of permissions”. For example, referring now to FIG. 4, an embodiment of a
“bounded bolus” algorithm is shown. In this embodiment, the uger specifies a “bolus
window”, the time in which “bolus” insulin may be requested for delivery by the controller.
Within the specified bolus window, the controtier will only be allowed, or only has
permission to detiver, a particular “bounded” volume of insulin. Taken differently, the
bounded bolus algorithm will prevent delivery of insulin over a particular volume during a

patrticudar bolus window,
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In some ermbodiments, where the patient/user determines a bolus 15 required, the
patientiuser may request the “bounded bolus™ algorithry, and input the duration and volome
pernissions.

In some embodiments, the user may specify a “bolus maximum”, which is the

0

maximumn bolus volume, e.g., 15 units, the controlier may deliver. In some embodiments,

the user may specify a “24 hour bolus maximum™ which limits the total volume of bolus

insulin delivered during a 24 hours period, e.g., 40 units,
In vasious embodiments, one or more of these boundarnies may be specified and
preprogrammed by the user, I various embodiments, where the controller determines,

10 from the blood glucose values, that a particular volume should be delivered, but the
particular volume exceeds one or more boundaries, the controller may prompt the user to
enter additional information or may shut-down after alerting the user that one or more
boundaries have been met. Another algorithun that may be utilized is a closed-loop bolus
algorithan. This refers to the controlier’s ability (o deliver msulin, based on patient

15 calibration and input regarding events and targets, at times and at volumes determined by
the algorithm. Thus, the closed-loop algorithm will use the data from the myriad of sensors
or other inpats and determine the appropriate time and volume for delivery of insulin,

Similar to the partial closed-loop bolus algorithm, described above, the partial
closed-toop basal refers to algorithms that provide for closed-toop control of the delivery of

20 insulin but within a “range” or “set of permissions™. For example, referring now 10 FIG. 5,
an embodiment of a “bounded bolus™ algorithm is shown, In this embodiment, the user
specifies a “basal window™, the time in which “basal” inselin way be requested for delivery
by the controfler. Within the specified basal window, the controfler will only be allowed, or
only has permission to deliver, a particular “bounded” volume of insulin. Taken differently,

25 the bounded basal algorithm will prevent delivery of insulin over a particular volume during
a particular basal window. In some embodiments, the patientfuser may have pre-
programmed basal rates. In some embodiments, the number of pre-programmed rates may
be from 1-100. Using the bounded basal algorithm, the patient/user allows the controller to
change/vary the basal rate for a particular requested time-frame, but within pre-programmed

30 parameters. For example, the system may be allowed to increase of decrease the basal rate

duting a pre-sefected period of time, however, the rate would be “bounded”, i.e., the system

is free to vary the basal rate during the time period but only within a pre-selected bounded
rapge. The system would not be allowed to deliver at rates higher or lower than the
bounded rates for the pre-selected time period.
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In some embodiments of the “bounded™ algorithms, the systers may recommend to
the patient’user that the bounded range be extended. In these embodiments, the patient/user
would have to agree/grant permission for the system to deliver beyond the bounded range.
In some embodiments, the system may recommend pernuission to deliver outside the
bounded range for a single delivery. In other embodiments, the system may recommend
pernission to deliver outside the bounded range for a recommended period of time.

In some embodiments, the aser may specify & “basal rate maxinum”, which is the
maximum basal rate, .1, 2 units per hour, the controller may deliver. In some
embodiments, the user may specify a “24 hour basal maximum” which lmits the total
vohwme of basal insulin delivered during & 24 hours peviod, e.g., 40 units.

In various embodiments, one or more of these boundaries may be specified and
preprogranmimed by the user. In various embodiments, where the consroller determines,
from the blood glucose values, that a particular volume should be delivered, but the
pasticular volume exceeds one or more boundaries, the controller may prompt the user 1o
enter additional information or may shut-down afier alerting the user that one or more
boundaries have been met.  Another algotithm that may be utilized is a closed-loop basal
algorithm. This refers to the controller’s ability to deliver insulin, based on patient
calibration and input regarding events and targets, at times and at volumes determined by
the algorithm. Thus, the closed-loop algorithm will use the daty from the myriad of sensors
or other inputs and determine the appropriate time and volume for delivery of insulin.

Another algorithm is a total closed-loop aigorithm. Thus, the system is given full
control for determining the iime and volame of insulin delivery, both for “basal” and
“bolus” deliveries. Thus, in some embodiments of this algorithm, the system may not
differentiate between “bolus™ and “basal” deliveries, rather, the system would deliver
msulin based on patent calibration and data received from the myriad of patient sensors. In
some embodiments of the closed-loop algorithm, the system may also accept user inputs
with respect to events/experiences and take these inputs into consideration when calculating
delivery times and voluames,

In the exemplary embodiments of the systems and methods described herein, for any
algorithm used by the system, where unexpected results occur, the sysiem may
automatically shut-down. In some embodiments, the sysiem may recommend an auto-shat
down, but will require patient/user confirmation, In other embodiments, the system may

employ a method of avto shui-down that includes notifying the patient/user using a series of
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increasing atarms, and where the system does not receive a confirmation, will avtomatically
shut-down.

In the exemplary embodiment of the svstem, the user may pre-program an auto shut-
down procedure where the system has not received any inputs from the user for a pre-
determined tnterval. For example, where the patient has not taken a finger stick reading
between 6am-10am, the system may go throagh the auto-shig down procedure. In the
exemplary embodiments, these pre-programemed auto shut-down progedures and the time-
frames may be specified by the patient/user.

in some embodiments, an auto-shut down procedures may be iriggered where the
finger stick readings and CGM readings vary by a percentage higher than that which is
either acceprable by the system, or pre-programmed by the patient/user. In some
embodiments, similarly, an auto-shyt down procedure may be triggered based on data
received from any one or more of the sensors used in the system.

in various embodunents, the closed-loop andor semi-closed loop system detecis
anomalies which may include, but are not limited to, unexpecied glucose data and/or
unexpected insulin requirements. Either may be an indication that either one or more of the
system components is failing or has feiled and/or that the user is experiencing or indergoing an
unexpected event and/or an unexpected result from an event, e.g., including, but not limited to,
one or more of the following: illness, high carbohydrate meal, long duration meal, tong
duration exercise, new exercise, andor stress. In the exemplary ersbodiments of the semi-
closed and/or closed-loop system disclosed herein, the system may shut-down when the system
detects an anomaly,

In some embodiments, the anomaly may be “good” control. For example, in some
embaodinments, where the blood glucose data indicates a consistent and/or steady blood glucose
reading over multiple readings, this may indicate that one or more CGM sensors have failed or
are Tailing and/or that the blood glucose meter has fhiled. Thus, anexpected glucose data does
not only refer to unexpectedly “high” or unexpectedly “low”, but rather, may refer to
unexpectedly consistent.

Further, in some embodiments, where the glucose data indicates an unexpected
hypoglycemic event, this may be an indication that the insulin purp is experiencing faiture or
that the user is undergoing an unexpected event (in which case, as discussed above, the systemn

may prompt the user for further information prior to shutting down).
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In some embodiments, where one or more sensors do not confinm exther an “event” ag
indicated by the user or 8 indicated by the glucose data, this may be an indication that one or
more sensors has failed. Thus, as this is a detected anomaly, the system may shut down.

In some embodiments, where an anomaly is detected, the controller may prompt the
user with a question, e.g., “are vou feeling OK?”. Where the user responds “ves™, the svstem
may confirm that theve is a failure and shut-down. Alternately, if the user responds “no™, this
may indicate there is an unexpected event occurring in the user, ¢.g.. steess ot iilness, and the
system may shut-down. In some embodiments, the system may prompt the user to entera
fingerstick to confirm the CGM data and in some embodiments, may use the fingerstick data to
catibrate the CGM sensor.

In some embodiments, either as an integrity test, or as a calibration, the system may
purposely not deliver one or more basal deliveries and record the resylting sensor and/or
glucose data. This may provide data indicating the effect on glucose data of each basal
delivery which may be used for optimizing therapy. For example, the system may better adjust
basal based on calibsation data from the purposely not delivered deliveries. This information
may also be used 1o determine insulin sensitivity.

In the exemplary embodiments, where the controller fostitutes a purposely not
delivered delivery, the user may be informed prior to the non delivered delivery and in some
embodiments, the aser may be prompted to accept or deny this calibration. In some
ambodiments, where the user fails 1o respond within a predetermine amount of time, the
system may not proceed with the calibration,

In some embodinents, the sysiem may perform an insulin sensitivity iest by adding or
subtracting a percentage of requested basal (either based on an algorithm or on a trajectory).
For example, in some embodiments, the system may subtract or add 10% basal over a duration
and record the at least one sensor data. This mav be performed regularly, e.g., each month, or
during various events, e.g., sleep, exercise, etc. These calibrations are saved and the system
may refer back to them to determine insulin sensitivity or identify a change in insulin
sensitivity which may, in some embodiments, prompt the system to request 8 cahbration to be
performed again. Thus, the system creates profiles routinely, which may be nsed to identify
possible unexpected data which may prompt another calibration. In these embodiments, the
system is routinely oplimizing the insulin sensitivity factor and basal rates.

In some embodiments, whether a closed-loop control ot semi-closed foop control, the
system may initialize as an open loop system and in some embodiments, may gradually

transition to a closed-loop or semyi-closed loop system. In some embodiments, the open loop
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start-up may be required to perform for a predetermined amount of time, e.g., three (3) hours,
prior to fransitioning to a closed-loop or semi-closed loop system. In some embodiments, the
system may be required to perform a minimum number of calibrations at start-up prior to the
frapsition,

Once the system is ready for trangition, in some embodiments, the transition may be
gradeal. In some embodiments, the system may being delivery with a preset basat delivery. n
some embodiments, the preset basal delivery may be a percentage, e.g., 10%, 20%, etc., less
than average of requested for that user gt that time. In some embodiments, the preset busal
delivery may start at 0% less than tequested, and then move 10 40%, then 30%, ete., untif the
rate reaches 0% less. Thus, at each step, the system may determine whether it is safe to
proceed to the next set based on data from at least one ghucose sensor, and in some
embodiments, additional sensors andfor fingerstick data.

In some embodiments, the system analyzes the glucose data and determines when au
excursion has occurred. An excorsion may be defined as a ghucose reading that is outside the
preprogranmed tacget range. In some embodiments of the system, many different targets may
be pre-programmed, either by time or event. An excursion may be defined relative to either
the “time” or “event”. For example, during a meal event, it may be expected that the user's
glucose will vise above the pre-meal target glucose value and then retum to a value within the
target. Thus, the system may include one target definition during the fivst 120 minutes
following 4 meal bolos and another during from 120-180 minutes following a meal bolus.

In any case, the system may determine the total amouat of time per day the user spent
on “excursion”. This may provide additional data for the user to re-evaluate one or more of
their pre-programmed values, ncluding but not imited to: insulin gensitivity, carbohydrate
ratios, targets, and/or boundaries. In some embodiments, the system may include a “grade” or
“rating” of the user’s glucose levels. The grade or rating may be determined by taking into
account one or more of the following, inclading but not limited to: the average glucose level,
the toal amount of time spent within target, the total amount of time spent on excursion, total
amount of ime the glucose value was changing at greater than a predetermined rate, andfor the
total amount of time spent below target. In some embodiments, one or more of these factors
nay be weighied more heavily in the rating method, e.g., total amowat of Hime spent on
excursion may be weighted more heavily than the total amount of time spent below target. In
some embodiments, the grade or rating may be determined by weighing more heavily the toral

amount of time spent above or below the target. In some embodiments, the total amount of
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time the glucose value was changing at greater than a predetermined rate may be weighed
more heavily than other factors.
I some embodiments, the average glucose levels may be correlated 1o & “predicted”

A1C level. For example, if a user has an average glucose value of 135 mgéd over the past 90

Ev )

days, the svstem may indiate o the user that this likely wanslates o an A1C level of 6.0%.

As discussed above, vacions embodiments of the system may include one or more of
the variows infusion pumps incorporated herein by reference. Below is a description of some
embodiments of the infusion pump which may be vsed in some embodiments of the systen.

Referring to FIGS. 7-9, an infusion pump assembly 100 may include a reusable
10 housing assembly 102, Reusable housing assembly 102 may be constructed from any

suitable material, such as a hard or rigid plastic, that will resist compression. For example,
use of durable materials and parts may improve quality and reduce costs by providing a
reusable portion that lasis longer and is more durable, providing greater protection to
components disposad therein,

13 Reusable bousing assembly 102 may include mechanical control assembly 104
having a pump assembly 106 and at least one valve assembly 108. Reusable housing
assembly 102 miay also include electrical control assembly 110 configured to provide one or
more control signals to mechanical control assembly 104 and effectuate the basal and/ or
bolus delivery of an infusible floid to a wser. Disposable housing assembly 114 may include

20 valve assembly 108 which may be configured to control the flow of the infusible fluid

through g floid path. Reusable housing assembly 102 may also include pump assembly 106

which may be configured to pump the infusible fluid from the flaid path to the user,

Electrical control assembly 110 may monitor and control the amount of infusible

fluid that has been and/or is being pumped. For example, electrical control assembly 110

3
1A

may receive signals from velume sensor assembly 148 and caleulate the amount of infusible
fluid that bas just been dispensed and determine, based upon the dosage required by the
user, whether enough infusible fluid has been dispensed. If enough infusible fluid has not
been dispensed, electrical control assembly 110 may determine that more infusible fluid
should be pumped. Electrical control assembly 110 may provide the appropriate signal to
30 mechanical control assembly 104 so that any additional necessary dosage may be pumped
or electrical control assembly 110 may pravide the appropriate signal to mechanical control
assembly 104 so that the additional dosage may be dispensed with the next dosage.

Alternatively, if too much infusible flwid has been dispensed, electrical control agsembly
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110 may provide the appropriate signal to mechanical control assembly 104 so that less
infusible finid mry be dispensed inthe next dosage.

Mechanical comrol asserbly 104 may include @ least one shape-mermory actuator
112, Pump assembly 106 and/or vaive assembly 108 of mechanical control assembly 104
may be actuated by at least ope shape-memory actuator, e.g., shape-memory actuator 112,
which may be a shape-memory wire in wite or spring configaration. Shape memory
actugtor 112 may be operably connected to and activated by electuies] control assembly 110,
which may control the timing and the amount of hoat andfor clectrical energy used to
actuate mechanical control assembly 104, Shape memory actustor 112 may be, for
example, & conductive shape-memary alloy wire that changes shape with temperature. The
temperature of shape-memory actuator 112 may be changed with a heater, or more
conveniently, by application of electrical energy. Shape memory actuator 112 may be a
shape memory wire constructed of nickelftitaniom alloy, such as NITINOL™ or
FLERINOL®,

Infusion pumnp assembly 100 may include & volume sensor assembly 148 configured
w monitor the amount of fuid nfised by nfusion pump assembly 100, For example,
volute sensor assembly 148 may anploy, for example, aconstic volume sensing. Acoustic -
volume measwrement technology is the subject of U.S. Patent Nos. §,375 310 and 5,755 683
assigned 10 DEKA Products Limied Partership, as well as U8, patent gpplication
Publication Nos. US 2007/0228071 A1, US 2007/0219496 AL, US 2007/0219480 A1, US
2007/0219597 Al

Other alternative techniques for measuring flnd flow may also be wsed, for

example, Doppler-based methods; the use of Hall-effect sengars in combination with a vane
or flapper valve; the use of a strain beam (for example, related to a flexible member over 2
fluid reservoir to sense deflection of the flexible member); the use of capacitive sensing
with plates; or thesmal time of flight methods. One such alternative techmque is disclosed
in U.S. Patent application Serial No. 11/704.899, entitled Fluid Delivery Systems and
Methods, filed 09 Febryary 2007, ’

Infusion purap assembly 100 may be configured so that the volume
measyrements produced by volume sensor gssembly 148 may be used to condrod, through a
feedback. loop, the amownt of inlusible fuid thal is infused nio the user.

Infusion purp assembly 100 may further include a dispossble housing assembly
114. For example, disposable housing assembly 114 may be cuﬁﬁgured for a single use or

for use for a specified period of time, e.g, three days or any other amount of time.
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Disposable housing assembly 114 may be configured such that any components in infasion
pumyp assewbiy 100 that come in contact with the infusible {luid are disposed on andior
within disposable housing assembly 114. For example, a fluid path or channe! including a
reservoir, may be posttioned within disposable housing assembly 114 and may be
configured for a single use or for a specified number of uses before disposal. The
disposable nature of digposable housing assembly 114 may mnprove sanitation of infusion
punp assembly 100,

Referning also to FIG, 10, disposable housing assembly 114 may be configured to
releasably engage reusable housing assembly 102, and includes a cavity 116 that has a
reservorr 118 for vecetving an infosible fluid (not shown), e.g., insulin.  Such releasable
engagement may be accomphished by a screw-on, a twist-lock or a compression fit
configuration, for example, Disposable housing assembly 114 and/or reusable housing
assembly 102 may ioclude an alignment assembly configuted to assist in aligning
disposable housing assembly 134 and reusable housing assembly 102 for engagement in &
specific orientation. Similarly, base nub 120 and top nub 122 may be used as indicators of
aligrment and complete engagement.

Cavity 116 may be at least partially formed by and integral to disposable housing
assembly 114, Cavity 116 may inclede a membrane assembly 124 for at least parially
defining reservoir 118, Reservoir 118 may be further defined by disposable housing
assembly 114, e.g, by a recess 126 formed in base portion 128 of disposable housing
assembly 114, For example, membrane assembly 124 may be disposed over recess 126 and
attached to base portion 128, thereby forming reservoir 118. Membrane assembly 124 may
be attached to base portion 128 by conventional means, stich as glaing, heat sealing, and/or
compression fitting, such that a seal 130 is formed between membrane assembly 124 and
base portion 128, Membrane assembly 124 may be flexible and the space formed between
membrane assembly 124 and recess 126 in base portion 128 may define reservoir 118,
Reservoir 118 may be non-pressurized and in fluid communication with a fluid path (not
shown}. Membrane assembly 124 may be at least partially collapsible and cavity 116 may
melade a vent assembly, theyeby advantageously preventing the buildup of 2 vacuum in
reservoir 118 as the infusible floid is delivered from reservoir 118 1 the fluid path, In a
preferred embodiment, membrane assembly 124 is fully collapsible, thus allowing for the
complete delivery of the infosible fluid. Cavity 116 may be configured to provide sufficient
space to ensure there is always some air space even when reservoir 118 is filled with
infustble fluid,
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The membranes and reservoirs described herein may be made from materials
including but not limited to silicone, NITRILE, and any other material having desired
resilience and propenties for functioning as described herein.  Additionally, other structures
could serve the same purpose.

3 The use of a partially colfapsible non pressurized reservoir may advantageously
prevent the buildup of air in the reservoir as the fluid in the reservoir is depleted. Air
buildup in a vented reservoir could prevent fluid egress from the reservoir, especiafly if the
system is tilted so that an air pocket intervenes between the fluid coutained in the reservoir
and the septum of the reservoir. Tilting of the system. is expected during nosmal operation

10 as a wearable device.

Reservoir 118 may be conveniently sized to hold an insulin supply sufficient for
delivery over one or more days. For example, reservoir 118 may hold about 1.00 to 3.00 mi
of insulin. A 3.00 ml insulin reservoir may correspond to approximately a three day supply
for about 0% of potential users. In other embodiments, reservoir 118 may be any size or

13 shape and may be adapted to hold any amount of insulin or other infusible fluid. In some
embodiments, the size and shape of cavity 116 and reservoir 118 is related to the type of
infusible flaid that cavity 116 and reservoir 118 are adapted to bold.

Disposable housing assembly 114 may include a support member 132 (FIG. 9)
contfigured to prevent accidenial compression of reservoir 118, Compression of reservoir

20 118 may result in an unintentional dosage of infusible fluid being forced through the fluid
poth to the user. In a preferred embodiment, reusable housing assembly 102 and disposable
housing assembly 114 may be construcied of a rigid material that is not easily compressible.
However, as an added precaution, support member 132 may be included within digposable
housing assembly 114 1o prevent compression of infusion pump assembly 100 and cavity

25 116 therein. Support member 132 may be a rigid projection from base portion 128. For
example, support member 132 may be disposed within cavity 116 and may prevent
compression of reservoir 118,

As discussed above, cavity 116 may be configured fo provide sufficient space 1o
ensure there is always some air space even when reservoir 118 is filled with infusible fluid.

30 Accordingly, in the event that infusion pump assembly 100 is accidentally compressed, the
infusible fluid may not be foreed through cansula assembly 136.

Cavity 116 may include a septum assembly 146 (FIG. 9) configmed to allow
reservoir 118 to be filled with the infusible fhidd.  Septum assembly 146 may be a

conventional septam made from wbber or plastic and have a one-way fluid valve
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configured to allow a user 1o fill reservoir 118 from a syringe or other filling device, In
some embodiments, septuny 146 may be located on the wp of membrane assembly 124, In
these embodiments, cavity 116 may include a suppont structure (e.g., support member 132
in FIG. 9} for supporting the area about the back side of the septum so as o maintain the
mtegrity of the septum seal when a needle is inwoducing infusible fluid into cavity 116.
The support structure may be configured to support the septum while still allowing the
introduction of the needle for introducing infusible fluid into cavity 116.

Infusion punip assembly 100 may include an overfill prevention assembly {not
shown) that may e.g., protrude into cavity 116 and may e.g., prevent the overfilling of
resevvoir 118

Referring also to FIGS. 11-13, there is shown an alterative-embodiment infusion
pumip assembly 300. As with pump assembly 100, 100°, infusion pump assembly 500 may
include reusable housing assembly 502 and disposable housing assembly 504.

In a fashion similar 1o reusable housing assembly 402, rensable housing assetubly
302 may include a mechanical control assembly (that includes at least one pump assembly
and at least one valve assembly). Reusable housing assemibly 302 may also include an
electrical control assembly that is configured to provide control signals to the mechanical
controf assembly and effectuate the delivery of an infusible fluid to a user. The valve
assembly may be configured to control the flow of the infusible fluid through a fuid path
and the pump assembly may be configured to purp the infusible fluid from the fluid path to
the user

In a fashion similar to disposable housing assembly 404, disposable housing
assembly 504 may be configured for a single use or for use for a specified period of time,
e.g., e.&., three days or any other amount of time. Disposable housing assembly 504 may be
configured such that any components in infusion pump assembly 500 that come in contact
with the infusible fluid are disposed on and/or within disposable housing assembly 504

In this particular embodiment of the infusion pump assembly, infusion pump
assembly 500 may inchude switch assembly 506 positioned about the periphery of infusion
pump assembly 500. For example, switch assembly 506 may be positioned along a radial
edge of infusion pump assembly 500, which may allow for easier use by 9 user. Switch
assembly 306 may be covered with a waterproof membrane and/or an o-ring or other
sealing mechanism may be included on the stem 507 of the switch assembly 506 configured
to prevent the infiltration of water inte infusion pump assembly 500, However, i some

embodiments,  switch assembly 506 may include an overmolded rubber button, thus
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providing fimctionality as a waterproof seal without the nse of a waterproof membrane or an
o-ring.  However, in stll other embodiments, the ovenmolded rubber button may
additionally be covered by a waterproof membrane and/or include an o-ring. Reusable
housing assembly 502 may include main body portion 508 (housing the above-described
mechanical and electrical control assemblies) and locking ring assembly 510 that may be
configured to rotate about main body portion 508 (in the direction of arrow 512),

In a fashion sinsilar o rousable housing assembly 402 and disposable housing
assembly 404, reusable housing assembly 502 may be configired to releasably engage
disposable housing assembly 504, Such releasable engagement may be accomplished by a
screw-on, a twist-lock or @ compression fit configuration, for example. I an embodiment
i which a twist-dock configuration is utilized, the user of infusion pump assembly 500 may
first properly position reusable housing assembly 502 with respect to disposable housing
assainbly 504 and may then rotate locking ring assembly 510 (in the direction of arrow $12)
to releasably engage reusable housing assembiv 507 with disposabie housing assembly 404,

As locking ring assembly 310 included within infusion punp assambly 500 may be
taller (i.e.. as indicated by arrow 514) than locking ring assembly 410, locking ring
assembly 510 may include a passage 516 through which bution 506 may pass. Accordingly,
when assembling reusable housing assembly 502, locking ring assemibly 310 may be
installed onto muin body portion 508 (in the disection of arrow 518). Once locking ring
assembly 510 s installed onto main body portion 508, one or miore locking tabs (not shown)
may prevent focking ring asserubly 510 from being removed from main body portion 508,
The portion of switch assembly 506 that protrudes through passage 316 may then be pressed
into main body portion 508 (in the direction of arrow 528, thus completing the installation
of switch assembly 506,

Although bution 306 is shown in various locations on infusion pump assembly 500,
button 506, in other embodiments, may be located anywhere desivable on infusion pump
assembly 500.

Through the use of locking ring assembly 510, reusable housing assembly 502 may
be properly positioned with respect to disposable housing assembly 504 and then releasably
engaged by rotating locking ring assembly 510, thus eliminating the need to rotate reusable
housing assembly 502 with respect to disposable housing assembly S04. Accordingly,
rensable housing assembly 502 may be properly aligned with disposable housing assembly
504 prior 1o engagement, and such alignment may not be disturbed during the engagement

process.  Locking ring assembly 510 may include a latching mechanism (not shown) that
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prevents the rotation of locking ring sssembly 310 until reusable housing assembly 502 and
disposable housing assembly 504 are properly positioned with respact © each other,
Passage 516 may be elongated 1o allow for the movement of Jocking ring 510 sbout switch
assembly 306,

Referring also to FIGS. 14A-14B & 1316, there are shown various views of
infusion punp assembly 500, which is shown to include reusable housing assembly 502,
switch assembly 306, and main bedy portion 508, As discassed above, main bedy portion
508 may include a plorality of components, examples of which may inclade byt are not
fimited to volure sensor assembly 148, printed circuit board 600, vibration motor assembly
602, shape memory actuator anchor 604, switch assembly 506, battery 606, anterma
assembly 608, pump assembly 106, measurement vakve assembly 610, volume sensor valve
assabibiy 612 and reservoir valve assembly 614, To enhance clarity, printed circuit board
600 has been removed from FIG. 14B to allow for viewing of the various components
positionad beneath prigied circuit board 600,

The varivus electrical components that may be electrically coupled with printed
cirenit board 600 may utilize spring-biased terminals that allow for electrical coupling
without the nead for soldering the conmections. For example, vibwation tnotor assembly 602
may utilize a pair of spring-biased terminals (one positive terminal and one negative
terminal} that are configured to press against comesponding conductive pads on printed
circuit board 600 when vibration motor assembly 602 is positioned on printed circuit board
600. However, in the exemplary embodiment, vibration motor gssembly 602 i soldered
directly to the privted cireuit board,

As discossed above, volume sensor agserbly 148 may be configured to monitor the
amount of fluid infused by infusion punp assembly 300, For example, volume sensor
assembly 148 may employ acoustic volume sensing, which is the sabject of US, Patent
Nos. 5,573,310 and 5,755,683 assigned fo DEKA Products Limited Pattnership, as well as
the U.S. patent application Pablication Nos. US 20070228071 Al, US 2007/0219496 Al,
US 2007/0219480 Al US 2007/0219597 Al.

Vibration motor assembly 602 may be configured to provide a vibmtiombas&:d
signal to the user of infuston pump assembly 300, For example, In the event that the voltage
of baitery 606 (which powers mfusion pump assembly 500) is below the minimum
acceptable voltage, vibration motor assembly 602 may vibrate infusion pump assembly 500

to provide a vibration-based signal to the user of infusion pumyp assembly 500. Shape
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memaory actuator anchor 604 may provide a mounting point for the above-described shape
memory actuator {e.g. shape memory actuator 112} As discussed above, shape memory
actuator 112 may be, for example, a conductive shape-memory alloy wire that changes
shape with temperature. The temperature of shape-memory actuator 112 may be changed
with a heater, or more conveniently, by application of electrical energy. Accordingly, one
end of shape memory actuator 112 may be rigidly affixed (i.e., anchored) to shape memory
actuator anchor 604 and the other end of shape memory actuator 112 may be applied w e.g.
a valve assembly and/or & pump actuator. Therefore, by applying electrical energy to shape
memory actuator 112, the length of shape memory actuator 112 may be controlled and,
therefore, the valve assembly and/or the pump actuator to which it is attached may be
oanipulated.

Antenna assembly 608 may be éonﬁgumd 1o allow for wireless communication
between e.g. infusion pump assembly 500 and a remote control assembly. As discussed
above, the remote contrel assembly may allow the user to program infusion pump assembly
300 and e.g. configure bolus infusion events. As discussed above, infusion pump asseinbly
500 may include one or more valve assemblies configured to control the flow of the
infusible fluid through a fluid path (within infusion pump assembly 500) and pump
assembly 106 may be configured to pump the infusible fluid from the fluid path to the user.
L this particular embodiment of infusion pump assembly 500, infusion pump assenbly 500
is shown to include three valve assemblies, namely measurement valve assembly 610,
volume sensor valve assembly 612, and reservoir valve assembly 614,

As discussed above and referning also to FIG. 16, the infusible fluid may be stored
within reservoir 118, In order to effectuate the delivery of the infusible fhuid to the user, the
processing logic (not shown) included within mfusion pump assembly 300 may energize
shape memory actuator 112, which may be anchored on one end using shape memory
actuator anchor 604, Referring also to FIG. 17A, shape memory actuator 112 may result in
the activation of pump assembly 106 and reservoir valve assembly 614. Reservoir valve
assemibly 614 may include reservoir valve actustor 6144 and reservoir valve 614B, and the
activation of reservoir valve assembly 614 may result in the downward displacement of
reservoir valve achuator 614A and the closing of reservolr valve 614B, resulting in the
effective isolation of reservoir 118, Further, pump assembly 106 may include punp planger
106A and pump chamber 1068 and the activation of pump assembly 106 may result i
pump plunger 106A being displaced in 2 downward fashion into pump chamber 1068 and
the displacement of the infusible fluid (in the direction of arrow 616).
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Volume sensor valve assembly 612 may include volume sensor valve actuator 612A
and volume sensor valve 612B. Referring also to FIG. 17B, volume sensor valve actuator
612A may be closed via a spring assenbly that provides mechanical force to seal volume
sensor valve 612B. However, when pump assembly 106 is activated, if the displaced
infusible fluid is of sufficient pressure to overcome the mechanical sealing force of volume
sensor valve assembly 612, the displacement of the infusible fluid occurs in the direction of
arrow 618, This may result in the filling of volume sensor chamber 620 included within
volume sensor assembly 148, Through the ase of speaker assenibly 622, port assembly 624,
reference microphone 626, spring diaphragm 628, invariable volume mictophone 630,
volume sensor assembly 148 may determine the volume of infasible fluid included within
volume sensor chamber 620.

Referring also to FIG, 17C, once the volume of infusible fluid included within
volume sessor chamber 620 is caleulated, shape memory actuator 632 may be energized,
resulting in the activation of measwrement valve assembly 610, which may iaclude
measurement valve actuator 610A and measurement valve 6108, Once activated and due to
the mechanical energy asserted on the infusible fluid within volume sensor chamber 620 by
spring diaphragm 628, the infusible fluid within volume sensor chamber 620 may be
displaced (in the direction of arrow 634) through disposable cannula 138 and into the body
of the user,

Referxing also to FIG. 18, there is shown an exploded view of infusion pumyp
assembly 500, Shape memory actuator 632 may be anchored {on a first end) to shape
memory actuator anchor 636, Additionally, the other end of shape memory actuator 632
may be used to provide mechanical energy to valve gssembly 638, which may activate
measurement valve assembly 610, Volume sensor assembly spring retainer 642 may
properly position volume sensor assembly 148 with respect to the various other cornponents
of infusion pamp assembly 500, Valve assembly 638 may be used in conjunction with
shape memory actuator 112 to activate pump plunger 106A. Measwrement valve 6108,
volume sensor valve 612B andior reservoir valve 614B may be self-contained valves that
are configured to allow for installation during assembly of infusion pump assembly 500 by
pressing the valves upward into the lower sarface of main body portion 508,

As discussed above, infusion pump assembly 100 may include volume sensor
assembly 148 configured to monitor the amount of fluid infused by infusion pump assembly
100. Further and as discussed above, infusion pump assembly 100 may be configured so
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that the volume measurements produced by volune sensor assembly 148 may be used to
control, through a feedback loop, the amount of infusible fluid that is infused into the user.
The following discussion concerns the design and operation of volume sensor

assembly 148 (which is shown in a simplified form in FIG. 19). For the followmng

5 discussion, the following nomenclature may be used:
Symbols
P Pressure
P Pressure Porturbution
¥ Volume
v Volume Pertarbation
Y Speeific Mot Ratio
R Gas Constant
i Density
i fimpedance
I Flow fiction
A Crass sectional Avey
L Lengih
oy Proquency
& Daraping ratio
' Yolume Baiio
]
Subscrips
{ Speaker Volume
i Reference Vohune
2 Variable Vohune
& Spedker
’ Regonant Port
* Zero
P Pole

Derivation of the Equations for Volume Sensor Assembly 148
Modeling the Acoustic Volumes

The pressure and volume of an ideal adiabatic gas may be related by:
10 PV =K {EQ#1)
where & is a constant defined by the initial conditions of the system.

EQ#1 may be written in terms of 2 mean pressure, P, and volume, ¥, and a small time-

dependent pertutbation on top of those pressures, p(f), v(r} as follows:

(P p(OY)F +v{1)) =K jeasy
13 Differentiating this equation may result i

o

p{()(f + v(t)) +;'{:V+v{t.)} ! (P—f-p{()};(/) = {) (2w}

which may simplify to:

[£ae]
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If the acoustic pressure levels are much Jess than the ambient pressure, the equation

way be further simplified to:
_ w f
) 1%—{'\,(1} =0 Ears)

How good s this assumption? Using the adiabatic relation it may be shown that:

b '.Pw(t)} Pﬂfr(f)} g
i orn) vy
J y {ECHEE

Accordingly, the exror in the assumption would be;

Prp(r}) «
eITOr = 'i»(m[ ( )}
4 P !
5\ /s {EQ#?}

A very loud acoustic signal (120 dB) may correspond to pressure sine wave with
amplitude of roughly 20 Pascal Assumiog  aiv  at  atmospheric  conditions
{r =14 P=101325Pa), the resulting error is 0.03%. The conversion from dB to Pa is as
follows:

>

A=20%0g,, [fﬁ’w ‘

1

i .
D p o p, 30F
; red } or l g -‘i < EEmE}

where p,. = 20-pla.
Applying the ideal gas law, P = pRT , and substituting in for pressure may result in the
following:

L3y
oo Q¥
EQ#9 may be written in terms of the speed of sound, o = Jy¥RT as follows:

pley+

jr(r}—ff#?;i\?’(f) = )

[EQw 10}
Acoustic impedance for a volume may be defined as follows:
7 =2 i
.Jf;‘ = s peceiil i
wy [y }
Ha il A
\pa fEGH#1

Modeling the Acoustic Port

The acoustic port may be modeled assuming that all of the fluid in the port

essentially moves as a rigid cylinder reciprocating in the axial direction. All of the flaid in
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the channel is assumed to travel at the same velocity, the chamel is asyumed to be of
constant oross section, and the “end effects” resulting from the fluid entering and Jeaving
the channel are neglected.
If we assume laminar {low friction of the form Ap = £ o7, the friction force acting on
5 the mass of fluid in the channel may be written as follows:
F= fpdy Ear]
A second order differential equation may then be written for the dysamics of the

fluid in the channel:

PLAY = Apd - f pA4 5

JEQH#13]
HY or, in terms of volame flow rate:
o ...K!fi]:‘ ,._L.:{&p.»i.
The acoustic impedance of the channel may then be written as follows:
A £ 2
L AN {EQH1S]
1% System Transfer Functions

Using the volume and port dynamics defined above, volume sensor assembly 148
may be described by the following system of equations: (k = speaker, = resonafor)

pr
By “'.('”"‘0

¢ (EQH16)
Loopa L
2 4 --i:—:w( By ¥ } )
' [EQH17)
o+ %g;tl;, =0
“ E (EGH18)

W m,mﬁs m..’t.., -
“'." - l “r + '(;)I,- (pl pf)

{EQi#19)
One equation may be eliminated if po is treated as the nput substituting

N
my, = e P
24

B pat,
[)l "%’"i:?" p(, ""};M].’f‘ F-)
1 ! {EQH20}
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[EQ¥21]
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L A el e

i 1 < fa ’ . ,(7[ ‘ iE”zz}

Cross System Transfer Function

k¥ <1

The relationship between the speaker volume and the variable volame may be
referred to as the Crovy Susrem transfer function. This trapsfer function may be derived
from the above equations and is as follows:

2
2ok @,

. FoeR N i
2N Fo 8" + 2w, s + o, (EQH23]

where

,
10 LN O and K (EQH24]

Referring also to FIG. 20, a bode plot of EQ#23 is shown.

The difficulty of this relationship is that the complex poles depend on both the
variable volume, ¥, and the reference volume, ¥, Any change in the mean position of the

speaker may resulf in an error in the estimated volame.

Cross Port Transfer Function

The relationship between the two volumes on each side of the acoustic port may be
referred to as the Cross Port transfer fonction. This relationship is as follows:

Py o

P S Awusiel J—_—
20 which is shown graphically in FIG. 21.

This relationship has the advaniage that the poles are only dependent on the variable

volwme and not on the reference volume, It does, however, have the difficulty that the

resonant peak s actually due to the inversion of the zero in the response of the reference

volume pressure, Accordingly, the pressure measureiment in the veference chamber will

[ 83
b

have a low amplitude in the vicinity of the resonance, potentially increasing the noise in the

RIAFUTSINSNT,

Date Recue/Date Received 2021-10-01



L

i0

15

20

Cross Speaker Transfer Function

The pressures may slso be measured on each side of the speaker, This is referred to
as the cross speaker transfer function:
oV & 42as+ @)

P V842w rae)

{EQ#28]
which is shown graphically w FIG. 22.

This transfer function has & set of complex zeros in addition to she set of complex

poles.
_ L
Looking at the limits of this transfer function: as §-»0, &by womtw: and as
P K+h
seyoe Py B

Resonance Q Factor and Peak Response

The quality of the resonance is the ratio of the energy stored o the power loss
muftiplied by the resonant frequency. For a pure second-order system, the quality factor
may be expressed as a function of the damping ratio:

o 1
() 7= v
' O v’w
“a FEQHZT)

The ratio of the peak response to the low-frequency response may also be writien as
a function of the damping ratio:

i

(], = e
AEEETEES '

{EQH28}
This may occur at the damped nawural frequency.

@, = (0;; A 1o "; BO#29}
Volume Estimation
Yolume Estimation using Cross-Port Phase

The variable volume (e, within volume sensor chamber 620) may also be
estimated using the cross-port phase. The transfer function for the pressure ratio across the

resonant port may be as follows:

Date Recue/Date Received 2021-10-01



36

*®

Py @,
P S thstw] {EQ#30]
R 2 i ag.ig
At the 90° phase point, @ = ,; where & T

The resopant frequency may be found on the physical system wvsing a number of

methods. A phase-lock loop may be employed to find the 90° phase point—this frequency

5 may correspond to the natural frequency of the system.  Alternatively, the resonant
frequency may be calenlated using the phase at any two frequencies:

The phase, ¢, 4t any given frequency will satisty the following relation;

beo

tan @ =

o - (EQ31}
fd
where b = ~f~f~ .
{0 Solviag for ¥, results in:

@ A

AS Y —

W - facotg (EQ#32)
Accordingly, the ratio of the phases at two different frequencies@, and ¢, can be
used to compute the natural frequency of the system:

tand
@ o
tan ¢,

]
Q@ = e,

(o6,
(P ang,

{EQ#33]
is For computational efficiency, the actual phase does not need to be calculated. All

that 15 needed is the ratio of the real and imaginary parts of the response (tan g ).

Re-writing EQ#33 in terms of the variable volume results in:

( a t‘ﬂ}(.fl ]
LA faiw‘z

1

N

S
T T h{dy, =
v, a4 3
u oty
{ECwad)
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Volume Estimation using Swept Sine

The resonant fiequency of the system may be estimated using swept-sine system

identification. In this method, the response of the system to a sinusoidal pressure variation

5 may be found at a munber of different frequencies. This frequency response data may then
used to estimate the system transfer fanction using linear regression,

The transfer function for the system may be expressed as a rational function of s,

The general case is expressed below for a transfer fanction with an #” order numerator and

an #” order denominator. N and 1) are the coefficients for the numerator and denominator

10 respectively. The equation bas been normalized such that the leading coefficient i the

denominatoris 1,

7ol 13 L N
N+ N s e N

(‘;(S) = e 3 sy ar-3 3
SR ST D s e Dy p—
or
» ,
> st
G {") - e N
v
574D Dy
20 ]
i This equation may be re-written as follows:
" -} N
Gs" = Y Na* =Gy D,s?
R k= i'EQW?]

Representing this summation in matix notation resulting in the following:

.
N,
o o et i :
s ~Gs7 o -G
H [ 23 ™1 }\;
: : : ¥y
' H
S ¢ gL oI | R
[ ;&k f&,.‘# pes (l;‘.:‘gé ] ;
:
. 1)(3

- {EQH3E]
where k is the number of data points collected in the swept sine. To simplify the
20 notation, this equation may be summarized using the vectors:

ye=Ke [EQH#39]

where y is A by 1, x is k by (mén-1) and ¢ i8 (m+-1) by 1. The coefficients may
then be found nsing a least square approach. The error function may be written as follows:

e=y-Xe an
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The function fo be miniraized is the weighted square of the error function; Fisakx

# diagonal marix.

F W ( e Yo Ty - X
eWe={y-Xey W{(y-Xc) {EQ#41]

e s y e -{ Y WX ~ v WXe + Y WX
. il * 4 jEQR42}

5 As the center two terms are scalars, the transpose may be neglected,

"We v W - 2 WY e v 0" YW
¢ We = y Wi 2y  WiXe + " X" WXe —

3 )"T 5 :"? .
w = -2X WY+ 22X Whe =0
(&' IE

e=(x"mx)" xTwy
) [EQH48}

It may be necessary to use the complex transpose in all of these cases. This
10 approach may resalt in complex coefficiants, but the process may be modified to ensure that
all the coefficients are real. The least-square minimization may be modified to give only

real coefficients if the error function is changed to be

TV e 4 WA ST R T | e Xe Y WL e X
¢'We=Re(y~Xe) WRe(y—Xe)+im{y-Xe) W im(y-Xe) o

Accordingly, the coefficients may be found with the relation:

15 c={Re(X) WRe(X)+1m(X) W hn(.X))“‘ (Re( XY W Re(y)+ Im(X ) W Im(y))
[EQH#ETY

Solution for a 2nd Order System

For a system with a 0" order numerator and a second order denominator as shown tn

20 the transfer function:
y
&,

7+ D+ D, P

The coefficients in this transfer function may be found based on the expression

(;(s)“

found in the previous section:
N -

o= (Re(X) W Re(X)+im(X) Wim(X)) (Re(X) W Re(y)+Im{X) W im())

25 [EG#40}
where:
Gy I -y, G N,
y=looop Xelt ; e=] D
o8 1 -G, -0, D,

b2 and {EQES0]
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To simplify the algorithm, we way combine some of terms:

A waax yd
[ e [) b 5,50#511
where:

1 = Re{ X) W Re(X H*“(X) WI:U{X) {EQHSZ)

b=Re(X) WRe(y)+ XY W im(p) P—

To find an expression for D in erms of the complex espouse vector G and the

natural frequency s = jo, X may be split into us real and imaginary parts:

; i ), ‘m((y‘ ~Rg ((; 0 s Re((;‘) h,”((;; )
: (X} =|: : :

1w, Im{G) ~Re(G,) 0 -, Re(G,) ~Im(G,) N

The real and imaginary portions of the expression for I above may then become:

[

k %
3w Y w Im(G e, -3 w Re(G)
iz

iy

£t
# I3 &
10 Re(X) WRe(X)= ZW,. {5, ), Zw In(G,Y e =3 w, Im(G ) Re(G,)en,
$ul i=t

Z w, Re((r)) ZW (G, ) Re(G, jew, 2»@; Re(G,)
i}
{EQRSE}

G 0 0
, . ; &
m( X)W m{X}=|0 Zw Re(GY w3 w Im(G)Re(G,)e
FEH LS

&

&
0w Im(G ) Re(6, ), Do In(G Y
. #} i)

{EGES)
Combining these termis results in the final expression for the [ matrix, which may

contamn only real values,

- . ‘ -
T 3w, (s )ea, -3 w, Re(G)
(2] 2} iwl
& & o
D= wm(Goe, 3w (Re(GY +Im(G,) Jof 0
o par
K X ; ;
-3 w Re(G,) 0 3w {Re(G.Y -+ Im( ()’ )
- SN ioit : EQHST}

The same approach may be taken to find an expression for the b vector in terms of G
and @. The real and imaginary parts of y ave as follows:
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[ Rc((z[ ] ~Im(G )}
Re{y) = : Im{y)= !
L

Re{G, yor -t (G, yox —

Combining the real and imaginary pants results in the expression for the & vector as

follows:
2‘: w, Re(G,)ar —}
BaRe(X Y W Re(y)+Im{ X ) W im(p)= 0
&
3 w{Re(G)Y + (G )
= EQESS]
5 The next step i8 to invert the D matrix. The matrix is symmetric and positive-

definite so the number of computaticns needed to find the inverse will be reduced from the

general 3x3case. The general expression for a matrix inverse is:

JX——T

d&(([)) |EOHERO}
If I is expressed as follows:
: dy dyy dy
D M: dy o, 0
o [de O dy] (EQ¥e1}

then the adjugate matrix may be written as follows:

d, O d, 01 |, d,
O dyl |ds Ay W 0

N G, d, Oy
adi{ D) =] ~ dy dyl My dy| oy Ay - aJ alla ai. @
R 0 iy W dy, i, O wooTE T

h S h Gy gy By
dy o d, dyl iy Ay )
il O A dy

b : S [EQke2)

Due to symmetry, only the npper diagonal nuatrix may need to be caloulated.

The Determinant may then be computed i ferms of the adjugate matrix values,
15 taking adwanrage of the zero elements w the onigingl amay:

det(D}=a,dy +aydy, ——

Finally, the inverse of I may be wniten as follows:

. 1
1..)"! < [ld;( )
det(L)) ——

Since we are frying 10 solve:
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del{ 1) [EQHE5)
then:
" Uy Gy h& o mg " o By by
¢ = |, g i § T e ey 2{2[ Eate N QIL
det{7n) = Code(Dy T
45 Uy i tyhy -+ b,

{EQHEE]
The final step is to et a quantitative assessment of how well the data fits the model.

5 Accordingly, the oviginal expression for the evror 1§ as follows:
W Ral v Yol W Ral vo Yo e Yo W (v Yo
¢ We=Re(y-Xe) W Re(y~Ae)+Im{y 'Xc) Wim(y- Xe) —
This may be expressed in termis of the £ matrix and the b and ¢ vectors as follows:
(’.’-'T;’F(ff = f e .2C3Tb +C T.{)U {ECHES]
where:
b= Re{ ¥ VW Re(p)+ tm{ " YW Iy
10 (PP Re(p) by )W Iy}
f= 3w (Re(GY +Im(G) )
= ' IEQHT0]
The model it error mav alsc be used to detect sensor
failures.
15 Alternate Solution for a 2nd Order System
o N+ N e &N
G (S) = " '; -4 ’,4; 2 . i
ST ST D ST D, o
or
Y N
§ 4y Dt
el [EQuHT2)
This equation may be re-written as follows:
) " . m_:;z. .
(= z Ns® G L Do
20 Bt &y

JEQHT3)
Putting this summation into matrix notation results in the following:
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For a system with a 0" order numerator and a second order denominator as shown in

the transter fonction:

S DI+ D,y o
5 The coefficients in this transfer fanction may be found based on the expression
found 1oy the previous section:
i - R At R I . T ypr .
e=(Re(X) WRe(X)+ I X) Win(X)) (Re{X) W Re(y)+ m{X)' W im{y))
( {EQ#T6]
where
G, 5 G Gt 1 N,
pal bl K=l : : i e={ I
10 0, ! KA GO A j,and D, -

To simplify the algorithm, some terms may be combined:
I~ 03
=D [EQHTE]

where:

D=Re(XY WRe(X)+Im(X) Wim(X)

b=Re{X) WRe(y)+Im{ XY W Im{y)

13 1EQUR0}
To find an expression for [} in terns of the complex response vector (¢ and the
pataral frequency s = jos, split.X may be split into its real and imaginary parts:
,, o -0 m{G,) «”Re(G,)
Re(X)={ ! E :
H 2 Ry Fen Y -2 Y
Pan -y Gy ) ow RelG,
0 -oy'Re(G) o Im{G,)
I {X) = : :
0 -a'Re(G) & Im{G,
- ¢ Re(Gy) @7 Im(G,)| (E0H82)
20 The real and imaginary postions of the expression for £ above may then become:
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Re(XY WRe(X )= Z w, (5 Je Z w, Im{(G Y @ -2 w Im(G)Re(G, ), i
i Pk o}
& X X
—¥ w Re(G)a™  — 3w Im{G)IRe(G)er” ¥ wRe(G Y
e £ ik J
fEQ#83)

Y 0 0

m{X) BIn{X}=10 Y wRe(iY o’ ~3. w, Im(G,) Re(G, )
f2:1 '

¥al
'{( ) }: ‘o > ]
0 -y w Im(GR(G e 2w TG Y
i i ey | (EGH84]

Combining these terms results in the final expression for the [) matrix, which may

-5 contain only real values.

3w’ 3w G - w Re(G)e*
) 2d #ud
D=l S win(Gla” P w{Re(GY 1 (G ) 23w Im{GORAG e
fiit o ' it
i i 3
- W Re(Gwt -23 w (G Re(Gle® Y w, ( Re(G,) + Im(G,)* :]a{""
i b} [ f a2 wd

{EQUSS]
The same approach niay be taken to find an expression for the b vector in terms of &

and @. The real and imaginary paris of y areas follows:

~Re{G) ~Im{G))

Re(y)= : ; Ty} e
~Re(G, )

3

RE(C3] N—

Combining the real and fmaginary parfs results in the expression for the b vector as

follows:
=3 w, Re(,)o?
Jeuf

;o v . & - (
b= Re( J()T WRe(y)+ }fm(.}(f Wim(y)=l -y w(im(G,)+Re(G)ay”

Z W, (Re((i:‘-,. ¥+ (G Y )(}
i [EQHeT]

13 Implementing Acoustic Volume Sensing
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Colleciing the Frequency Response Data and Computing the Complex
Response

To implement volume sensor assembly 148, volume sensor assembly 148 should
determine the relative response of reference microphone 626 and invariable volume
niicropliione 630 to the acoustic wave set wup by spesker assembly 622, This may be
accomiplished by driving speaker assembly 622 with g sinusoidal output at a knowa
frequency; the complex response of microphones 626, 630 may then be found at that driving
frequency.  Finally, the relative response of microphones 626, 630 may be found and
corrected for alternating sampling by e.g., an anadog-to-digital converter (i.e., ADC). |

Additionally, the total signal variance may be computed and compared to the
variance of pure tone extracied using the discrete Fourier transform (ie., DFT), This may
result in a measure of how much of the signal power comes from noise sources or distortion.

This value may then be used to reject and repeat bad measurements,

Computing the Discrete Fourier Transform

The signal from the microphone may be sampled synchronously with the output to
speaker assembly 622 such that a fized number of points, ¥, are taken per wavelength. The
measured signal at each point in the wavelength may be sumamed over an integer number of
wavelengths, M, and stored in an array x by the 1SR for processing after all the data for that
frequency has heen collectad.

A DFT may be performed on the data at the integer value corresponding to the
driven frequency of the speaker. The general expression for the first harmonic of a DFT is
as follows:

x, :f_.z_,if\e:”
MN o

The product MN may be the total number of points and the factor of two may be
added such that the resulting veal and imaginary portions of the answer match the amplitude

of the sine wave:

N L far
x, = relx, }cc}s[?’-«kn §-§~ im{x, }sin ( a—f;—»hz
ros -/ eaug

This real part of this expression may be as follows:

) 2 Iz
refx) mn----ZX, cos( - .’?}
Y =t 4 {EQueny

Date Recue/Date Received 2021-10-01



L3
5]

We may take advantage of the symmeiry of the cosine function to reduce the
pamber of computations needed 1o compute the DFT.  The expression above may be

equivalent to;

1 1, W e ey \ 1

. aoax i

Fe{xy (v - X, )+ S| oo e 11 ‘[(\ 8 T B 5 U )

31\‘? Y Tz_; L Z N } A:A:\ :~”) (\ ¥ e X p ; }
{EQee1)

5 Simﬂarly, for the imaginary portion of the equeation:
2 N4 7
im{xy= - ““‘“"‘Z gin (--E-ﬁ}
41"{1'\ R i, E\ V4 iEQ#gz}
which may be expressed as follows;
> ' x4 , -
”"{")“:“m { T F ‘v) Zb‘“("’"” ("n ;$§:\’-%ﬁ)+('¥-§;‘«‘-s»“xl-\-‘»);)}

' {EQ#el}

The variance of this signal may be calculated as follows:

ot ~i~( rel(x) + z‘m{x}g}
10 2 ‘ {EQR94]

The maximum possible value of the real and imaginary portions of x may be 2'';
which corresponds to half the AD rapge. The maximum value of the tone variance may be

2*'; half the square of the AD range.

15 Computing the Signal Variance

The pseudo-variance of the signal may be calculated using the following relation:

The result may be in the units of AD counts squamd. ft may only be the “psendo-

variance” because the signal has been averaged over M periods before the variance is

20 calculaied over the N samples in the “averaged” period. This may be a useful metric,

however, for finding if the “averaged” signal looks like a sinusoid at the expected

frequency, This may be done by comparing the total signal variance to that of the sinusoid
found in the discrete Fourier wansfonm.

w4
The summation may be on the order of 3 x* = O{NM?2*) for a 12-bit ADC. If

rerdd

8%
by

N <2 =128 and M <2 = 64, then the summation will be less than 2% and may be stored
in a 64-bit integer. The maximum possible value of the variance may result if the ADC

oscillated between a value of 0 and 2' on each consecutive sample. This may result in a
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peak variance of 2(2’) =27 50 the result may be stored at a maxinum of a 1/2”

resolution in a signed 32-bit integer.

Computing the Relative Microphone Response

0

The relative response () of microphones 626, 630 may be computed from the

complex response of the mdividual microphones:

,7,» X oo -"p’
“r‘g ref l’""? fﬁQ#es}

Refx,, )Re( __*Em(ﬂx {m(\,ﬁ

Ref: “"} *Im(‘ (ECHRT]
Rc(&,b Hm{x,,) - Re(x,, }im(i )
et

Rv{\ )M“m V}

m{G)=
[EQiNB]
Y The denominator of either expression may be expressed in terms of the reference

tone variance computed inthe previous section as follows:

Re{x,, ) * I‘“(%‘"): =207 {EGH99]

Correcting for A/D Skew

e
E¥ 4

The signals from microphones 626, 630 may not be sympled simultaneously; the
A/D ISR altemnates between microphones 626, 630, taking a total of N samples per

wavelength for each of microphones 626, 630. The result may be a phase offset between
two microphones 626, 630 of e To correct for this phase offset, a complex rotation may
be applied to the relative frequency regponse comnputed in the previous section:

, NN {r
G et = G -(casi ¥ ]+ istal 7 \E
AV ¢ /} (EQ#100)

Reference Models
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Second and Higher Order Models

Leakage through the seals (e.g., seal agsembly 1404) of volume sensor chamber 620
may be modeled as a second resonant port (e.g., port 1504, FIG. 23) connected to an

external volame (e.q., extemal volume 1506, FIG. 23).

5 The system of equations describing the three.chamber confignration may be as
follows:
P 2
a1
Byt (B i )0

t {EQH#I01]

jEQrte2)
{, . Ay 4
e mw&(]m - p{}

L, Pl EQ#103)

10 3 {EQ#04]
f* V-5

I, 23t . A:zit { , )
Vg iV 4 P

L 1

[EQ305}
Putting these cyuations iita state~space results i the following:

0 0 o £
1”‘?
P I N A e T
A ¥,
yLA i L 0
F S 0 o 0 - iple [%]
i £ ! 0
2 ) Yt
i, m.i’.‘%.‘%., ,:L 0 ~h,, 0 My 0
T ply  pl, i B
0 wai m’%‘ 0 by
LT . -
L Pl Pl i [EQm106]

the frequency response of which may be represented graphically in the Bode

15 diagram shown in FIG. 24 and which may also be written in transfer function form;

2. @ ('5'2 +h,s "'@ie)

P (5% 5 B8+l ) {52’ thys bl oy (348, )8
[EQ#OT]

Expanding the denominator results in the following:
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A bubble undemeath the diaphragm material in the variable vohane will {ollow the

same dynamic equations as a leakage path. In this case, the diaphragim material may act as

§  the resonant mass rather than the leakage port.  Accordingly, the equation may be as
follows:

m¥ = Apd b & ——

wherein m is the mass of the diaplwagm, A4 is the cross sectional area of the
diaphragm that can resonate, and by, is the mechamical damping. EQ#106 may be written in

1) terms of the volume flow rate:

. b &
VPoz—mm P b Ap o
m m EQi 1)

wherein the volume of the air bubble is Fy. If the bubble volame is substantially

smaller than the acoustic volume F; << ¥, than the transfer function may be simplified to:

Py (5% + by + w0l
il 2 ” “ %
[ )1 ) 2 B ., F’.
(¢ +byps @l )| 5 +bys ey 1+ I
\ SR Eadty

13

Second Order with Time Delay

The volume sensor gssembly 148 equations derived above assume that the pregsure
i3 the same everywhere in the acoustic volume. This is only an approximation, as there are
time delays associated with the propagation of the sound waves through the volume. This

20 situation may look like a time delay or a time advance based on the relative position of the
microphone and speakers.

A time delay may be expressed in the Laplace donain as;

Glsy=e™ ey
which makes for a non-linear set of equations. However, a firstorder Pade

25 approximation of the time delay may be used as follows:
2
$+ e
G (5] o ‘AEZI
;9 - T
Al {EQ#113]
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which is shown graphically in FI1G, 25,

Three Chamber Volume Estimation
Volume sensor assembly 148 may also be configured using a third reference volume
5 (e.q., reference velume 1508, FIG, 20) connected with a separate resomant port (e.g., port
1510; FIG. 26).  This configuration may allow for temperature-independent volume
estimation.

The system of equations describing the three-chamber configuration are as follows:

copd L
Fa) '{r»...i;:m(y}; Vg 1,-”% ) =)
‘ (EG#T14]
N 5.7
7 '*"%“i"““‘"m =0
0 K {EQ#115]
==Ly 1 Lo (p, - p)
- o EQ#116]
2
o0’
pyrEig =0
3 {EQ#I17)
41 f “-‘4 R A”
By = “‘;‘“‘“‘u + “f;}‘*(.f?z ~n)
o P [EQR118]

Using these equations and solving for the transter function across each of the

15 resongnt ports results in the following:

Py . Wy

A A

D 8 4208 O
f‘l AT Sty Ty

3 {EQ#119]
whete
»
= bad, # o diade
Oy = el
f 2 I"E.-.? and “1‘(2“):.“\:'. {EQ#20}
P G
\ IR T
oS 2":53““51!.&‘) By {EQ 24}
20 where
? ’ i
@ _L” "4115 & ,/;3"413
T T X
F 3 [’L? and ""{"E:?{Jsm EQR122)

The volume of volume sensor chamber 620 may be estimated using the ratio of the

natural frequency of the two resonant ports as follows:
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BQ#120 illustrates that the volume of volume sensor chamber 620 may be
propastional to reference volume 1508, The ratio of these two volumes (in the ideal model)
may only depend on the peometry of the resonant port (e.g., port 1510; FIG. 26) and has no

dependence upon temperature.

Exponential Yoiume Model
Assume the flow out through the flow resistance has the following form:
V

.
l..v* VS
ok

r [EQ#124]
Assuming a fixed input flow rate from the pump chamber, the volume of volome

sensor chamber 620 is based upon the following differenial equation:

Ei:)\‘} = ﬂ;;).‘ - X:Mh’ & i;t mmn‘tir}»
: {EQ#125}
which gives the following solution assuming a zere mitial volume:

e = 'Vm‘f[l ~ef J
{EQ#126)

Accordingly, the output flow rate flows:

£
{:»E 2 II, L‘ gt ‘.
J eawzn

The volume delivered during the pump phase may be written:

. e \
p;u.' = ".:f.' [? -7 (i —€ 7 }
- : {EQ#1 28]

The model fit allows the resonant frequency of the port to be extracted from the sine

Device Calibration

sweep data. The next step is to relate this value @ the delivered volume. The ideal
relationship between the resonant frequency and the delivered volume to be expressed ds

follows:

~

PO | - A1

T BQ#es

The speed of sound will vary with tempeature, 50 it may be useful to split out the

tempetature effects,
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The volume may then be expressed as a function of the measured resonant frequency
and the temperature:

p= 0L
(o»‘“- (EG#131]
. N ~ ¥R4
5 Where ¢ is the calibration constant = e
Implemeniation Detalls
End Effects

The air resonating in the pott (2.g., port assembly 624) may extend out into the

10 acoustic volumes at the end of each oscillation. The distance the air exiends may be
estinated based on the fundamental volume sensor assembly equations. For any given
acoustic volume, the distance the air extends into the volume may be expressed as a

fanction of the pressore and port cross-sectional area:

X L: "
PEAT eapan
15 If we assume the following values:
o =1292%

" EQE34)

@=3808 ramay
[f = 0»5 - B IEQ#'KS&}

20 P=LPa g pocoximately 100 dB)  Eamst)

Accordingly, the air will extend roughly 1.9 mm in to the acoustic chamber.

Sizing V1 (i.e., the fixed volume) relative to V2 (i.e., the variable volume)

Sizing 'y {e.g., fixed volume 1500) may require trading off acoustic volame with the

2
(%21

relative position of the poles and zeros in the wansfor Amction. The transfer function for
both Fy and 5 (e.y., varisble volume 1502} are shown below relative to the volume
displacement of speaker assembly 622,
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P pdt S0+ e,
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¥, Voo + 2w+ o, \EGH139]

where
. » AN
NPy B R ..
@, :_:....;......,;,. P &w')} o= L* Jr“;-"
- Ve . <L and U/ ea#tan)
5 As ¥y is increased the gain may decrease and the speaker may be driven at a higher

amplitude to get the same sound pressure level. However, increasing ¥ may also have the
benefis of moving the complex zeros in the p; transfer function toward the complex poles.
In the limiting case where ¥ -3 2, @ —> 1 and you have pole-zere cancellation and a flat
response. Increasing ¥, therefore, may have the benefit of reducing both the resonance and
19 the notch in the py transfer function, and moving the p; poles toward @, ; resulting in a
fower sensitivity to measurement error when calcnlating the o/ transfer function.
FIG. 27 is a graphical representation of!
B
i jeowen
FIG. 28 is a graphical representation of
&
15 Vi [EQR14N
Aliasing
Higher frequencies may alias down to the frequency of interest, wherein the aliased
frequency may be expressed as follows;
=\ onfd

20 where £, is the sampling frequency, f, is the frequency of the noise source, # is a

(EQ#43]

positive integer, and £ is the aliased frequency of the noise source.
The demodulation routine may effectively filker out noise except at the specific
frequency of the demodulation. If the sample frequency is set dynamically to be a fixed

multiple of the demodulation frequency, then the frequency of the noise that can alias down

]
R

to the demodulation frequency may be a fixed set of harmonics of that fundamental
frequency.
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For example, if the sampling frequency i eight times the demodulation frequency,

then the noise frequencies that can alias down to that frequency are as follows:
LA I ——

INER
roEe g 17T T s

{EQ#144]

where [ m:’} 8. For =16, the following series would resuls:

EQRT4E]

Performance
Sensitivity to Temperature

The sensitivity to temperature may be split into a gain change and a noise change. If

the temperature is off by a factor of dT, the resulting gain error may be:
. o{non
Fy=e ek
\B @ JEQI4T]
Accordingly, if the same temperature 1§ used for both sine sweeps, any error i the
temperature measurement may ook like a gain change to the system,

e
> - 1 - ‘I hsoxarsd

"'&m‘.'r g ,j N

e {EQ#148]

Therefore, for a 17 K temperature ervor, the resulting volume error may be 0.3% at
298° K. This error may include both the error in the temperature sensor and the difference
between the sensor temperatize and the temperatyre of the air within volume sensor
assembly 148,

The measurement, however, may be more susceptible to noise in the temperature
megsurement. A temperature change during the differential sine sweeps may result it an
rror that looks more like an offset rather than a gain change:

o

— AT
a” [EQH149Y

Accordingly, if the measurement varies by 0.1 K during the two measurement sine

lr

Hrer =

sweeps, the difference may be 0.012 ul.. Therefore, it may be betier to use a consistent
temperature estimate for each delivery rather than taking a separale temperature

measurement for each sine sweep (as shown in FIG. 30).
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The LM73 temperature sensor has a published accuracy of -+~ 1" C and a resolution
of 0.03 €. Further, the LM73 temperatwre sensor seems to consistently have a startup

transient of about 0.3° C that takes about five sine sweeps to level out (as shown in FIG.

31).
3 Since the above-described infusion pamp assemblies (e.g., infusion pump assembly
106, 1007, 400, 500) provides discrete deliveries of infusible fluid, the above-described
infusion pump assemblies may be modeled entirely in the discrete domain (in the manner
shown i FIG. 32), which may be reduced to the following:
Y Kz
Gy{z)=—
I ${EG#150]
10 A discrete-time PI regulator may perform according to the following,
G(z)=K §+mm\
TR Kzl
: [EQ#151]

The AVS system deseribed above works by comparing the acoustic response in
fixed volume 1500 and variable volume 1502 to a speaker driven input and extracting the
volume of the variable volume 1502, As such, there is a microphone in contact with each of

15 these separate volumes (e.g., microphones 626, 630). The response of variable volume
niictophone 630 may also be used in a more gross manner to detect the presence or absence
of disposable housing assembly 114, Specifically, if disposable housing assembly 114 is
not attached to (i.e., positioned proximate) variable volume 1302, essentially no acoustic
response to the speaker driven input should be sensed. The response of fixed volume 1500,

20 however, should remawm tied to the speaker input. Thus, the microphone data may be used
to determine whether disposable housing assembly 114 by simply ensuring that both
microphones exhibit an acoustic response.

In the event that microphone 626 (ie., the microphone positioned proximaie fixed

volume 1500} exhibits an acoustic response and microphone 630 {(i.e., the microphone

$
5

positioned proximate variable volume 1502) does not exhibit an acoustic response, it may
be reasonably concluded that disposable housing assembly 114 is not attached to reusable
housing assembly 102. If should be noted that 2 failore of vanable volume microphone 630
may also appear to be indicative of disposable housing assembly 114 not being attached, as
the failure of variable volume microphone 630 may result in 2 mid-range reading that is
30 nearly indistinguishable from the microphone response expected when disposable housing
assembly 114 is pot attached.

For the following discussion, the following nomenciature may be used:
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{ neet £} | maNiroum mad af a ghean frequerey

ot £} | minimum reasd at a given frequency

4 difference hetweer max anct min sums

f individual frequency

¥ set of sine sweep frequencies
: N number of froquencies in each sine sweep, F
i boolean disposable attached flag

IR sam of maxisvam ADC reads
SN sum of méndmum ALK reads

T max/min ALK differenice theeshald
Subscripts

t | sweep number

ref | reference volume

v variable volume

As part of the demodulation routine employed in each frequency response
calculation, the minimum and maximum readings of both fixed volume microphone 626 and
vartahle volume microphone 630 may be caleulated. The sum of these maxtrmum and

S munimum values may be calculated over the entire sine-sweep (s discussed above) for both

microphone 626 and microphone 630 as follows.

feF
FRLE w }M Chm;,g;i f }
[EQ#162)
eman }Q Coined F )
{EQ#153}

and the difference between these two summations may be simplified as follows:

& = FINGY - TR
LG [EQ#IB4]

While & may be divided by the number of sine sweeps to get the average minimum /
maximum difference for the sine sweep (which is then compared to a threshold), the
threshold may equivalently be multiplied by N for compatational efficiency. Accordingly,

the basic disposable detection algorithm may be defined as follows:

i«} - }. i{ ‘/{§g;;§339v ,‘,} 9&1 & ?‘
S

AR e < NeT &8y > N T
i5 ECH155]
The additional condition that the maximuorn / mintmun difference be greater than the

threshold s a check performed to ensure that a fatled speakes s not the canse of the acoustic

response recefved. This algorithm may be repeated for any sine-sweep, thus allowing a
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detachment of disposable housing assembly 114 1o be sensed within e.g., at most two
consecutive sweeps {1.e., in the worst case scenario in which disposable housing assembly
114 is removed during the second half of an in-progress sine sweep).

Thresholding for the above-described algorithm may be based entirely on numegical
evidence. For example, examination of typical minimum / maximuom response differences
may show that no individual difference is ever less than five hundred ADC counts,
Accordingly, all data examined while disposable housing assembly 114 is detached from
reusable housing assembly 102 may show that all muimmum [ maximum response
differences as being well under five hundred ADC counts. Thus, the threshold for 5 may be
set at T=50Q,

While volume sensor assembly 148 18 described above ag being utihized within an
infusion pump assembly (e.g., infusion pump assembly 100), this is for illustative purposes
only and is not intended to be a limitation of this disclosure, as other configurations are
possible and are considered to be within the scope of this disclosire. For example, volume
sensor assembly 148 may be used within a process control environment for e.g., controlling
the quantity of chemicals mixed together. Alternatively, volume sensor assembly 148 may
be used within a beverage dispensing system to control e.g., the quantity of ingredients
mixed together.

While volume sensor assembly 148 is described above as utilizing a port (e.g., port
assembly 624} as a resonator, this is for ilfustrative purposes only, as other configurations
are possible and are considered to be within the scope of this disclosure. For example, a
solid mass (not shown) may be suspended within port assembly 624 and may function as a
resonator for volue sensor assembly 148, Specifically, the mass (not shown) for the
resomator may be suspended on a diaphragm (not shown) spanning port assembly 624,
Alternatively, the diaphragm itself (not shown) mav act as the mass for the resonator. The
natursl frequency of volisne sensor assembly 148 may be a function of the volume of
variable volome 1302, Accordingly, if the patural frequency of volume sensor assembly
148 can be measured, the volume of variable volume 1302 may be calculated.

The natural frequency of volume sensor assersbly 148 may be measured in a number
of different ways. For example, a time-varying force may be applied to the diaphragm (not
shown) and the relationship between that force and the motion of the diaphragm (not
shown) may be used to estimate the natural frequency of volume sensor assembly 148.

Alternately the mass (not shown) may be perturbed and then allowed to oscillate. The
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unforced motion of the mass (not shown) may then be used to caleulate the satoral
frequency of volume sensor assembly 148,

The force appliad to the resonant mass {not shown} may be accomplished in various
ways, examples of which may include but are not limited to:

*  speaker assembly 622 may create a time-varying pressure within fixed volume 1500;

* the resonant mass (not shown) may be a piezoelectric material responding to a time-
varying voltage / current; and

¢ the resonant mass {not shown) may be a voice coil responding to a time-varying
voltage / current

The force applied to the resonant mass may be measured in vatious ways, examples
of which may include but are not limited to:

* measuting the pressure in the fixed volume;

» the resonant mass (ot shown) meay be a piezoeleciric material; and

* a strain gauge may be connected o the diapbragm (not shown) or other structural
member sapporting the resouant mass (not shown),

Simitarly, the displacement of the resonant mass {not shown) may be estimated by
megsuring the pressure in the varable volume, or measvred directly in various ways,
examnples of which may include but are not limited to:

* vig piezoelectric sensor;

*  via capacitive sensor;

» via optical sensor;

+ via Hall-effect sensor;

s vig a potentiomerter (thne varying impedance) sensor;
¢ via an inductive type sensor; and

»  viaa linear variable differential transformer (LVDT)

Further, the resonant mass (not shown) may be integral to either the force or
displacement type sensor (i.e. the resonant mass (not shown) may be made of piezoelectric
naierial).

The application of force and measurement of displacement may be accomplished by
a single device. For example, a piezoelectric material may be used for the resonant mass
(not shown} and a tre-varying voltage / current may be applied to the piczoelectric

maferial to create a time-varying force. The resulting voltage / current applied to the
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piezoelectric material may be measured and the ansfer function between the two used to
estimate the natural frequency of volume sensor assembly 148,
As discussed above, the resonant frequency of volume sensor assembly 148 may be

estimated using swept-sine system identification. Specifically, the above-described mode!

5 fit may allow the resonant frequency of the port assembly to b2 extracted from the sine
sweep data, which may then be used to determine the delivered volume. The ideal
relationshup between the resonant frequency and the delivered volume may be expressed as
follows:

(."03 - @A EL
2 EQree)
10 The speed of sound will vary with temperature, so it may be useful to split out the
temperature effects,
B [EQ#26)
The volume may then be expressed as a function of the measured resonant frequency
and the temperature:
15 D eawen
¥ RA

Where ¢ is the calibration constant ¢ =

Infusion pump assembly 100 may then compare this calculated volume Vi (ie.,
representative of the actual volume of infusible fluid delivered to the user) to the target
volume (1.e., representative of the quantity of fluid that was supposed to be delivered o the

20 user). For example, assume that infusion pump assembly 100 was to deliver a 0.108 unit
basal dose of infusible fluid to the user every thirty minutes. Further, assume that upon
effectuating such a delivery, volume sensor sssembly 148 indicates a calculuted volume Va
(i.e., representative of the actual volume of infusible fluid delivered to the user) of 0,095
units of infusible fluid.

28 When calculating volume Va, infusion pump assembly 100 may first determine the
volume of fluid within votume sensor chamber 620 prior to the administration of the dose of
intusible fluid and may sabsequently determine the volume of fluid within volume sensor
chamber 620 after the administration of the dose of infusible flnid, wherein the difference of
those two measurements is indicative of Vi (ie., the actual volume of infusible fluid

30 delivered 1o the user). Accordingly, V2 is a differential measurement.
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V2 may be the total air gpace over the diaphragm in the vansble volume chamber.
The actual fluid delivery to the patient may be the difference in V2 from when the chamber
was full to after the measurement valve was opened and the chamber was emptied. V2 may

not directly be the delivered volume. For example, the air volume may be measured and a

[v3

series of differential measurements may be taken. For occlusion, an empty measurement

may be taken, the chamber may be filed, a full measarement may be taken, and then a final

measurement may be taken after the exit valve is open.  Accordingly, the difference
between the first and second measurement may be the amount puriped and the difference
between the second and third is the amount delivered to the patient,

10 Accordingly, electrical control assembly 110 may determine that the infusible fluid
delivered is €.005 units under what was called for. In response to this determination,
electrical control assembly 110 may provide the appropriate signal to mechanical control
assembly 104 so that any additional necessary dosage may be pumped. Alternatively,
electrical control asseribly {10 may provide the appropriate signal W mechanical contol

15 assembly 104 so that the additional dosage may be dispensed with the next dosage.
Accordingly, during adounistration of the next 0.100 unit dose of the infusible fluid, the
outpat command for the punp may be modified based on the difference between the target
and amount delivered,

Referring also to FIG. 33, there is shown one particular implementation of a control

20 system for controfling the quantity of infusible fluid curently being infused based, at least
in part, on the guantity of infusible fluid previously admimstered. Specifically and
continuing with the above-stated example, assume for illustrative purposes that electrical
control gssembly 110 calls for the delivery of a 0.100 unit dose of the infusible fluid to the
user. Accordingly, electrical contro} assembly 110 may provide a target differential volume

25 - signal 1600 (which identifies a partial basal dose of 0.010 units of infusible fluid per cycle
of shape memory actuator 112) to volume controlfer 1602,  Accordingly and in ihis
particular example, shape memory actuator 112 may need to be cycled ten times in order to
achieve the desired basgl dose of £.100 units of infusible fluid (e, 10 cycles x 0.010 units
per cycle = 0.100 units). Volume controfler 1602 in turn may provide "on-time" signal

30 1006 to SMA (ie, shape memory actuator) controller 1608,  Also provided to SMA

controller 1608 is batlery voltage signal 1610,

Specifically, shape-memory actaator 112 may be controlled by varying the amount
of thermal energy (e.g., joules) applied to shape-memory actuator 112, Accordingly, if the

voltage level of battery 506 is reduced, the quantity of joules applied to shape-memory
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actuator 112 may also be reduced for g defined peviod of time. Conversely, if the voltage
level of battery 606 is increased, the quantity of joules applied to shape memory actuator
112 may alse be increased for a defined period of time. Therefore, by monitoring the
voltage level of battery 606 (via battery voltage signal 1610), the type of signal applied to
shape-memory actuator 112 may be varied to ensure that the appropriate quantity of thermal
energy is apphed to shape-memory actoator 112 regardless of the baltery voliage level.

SMA controller 1608 may process "on-iime™ signal 1606 and battery voltage signal
1010 to determine the appropriate SMA drive signal 1612 to apply o shape-memory
actuator 112, Cne example of SMA drive signal 1612 may be a series of binary pulses in
which the amplitude of SMA. drive signal 1612 essentially controls the stroke length of
shape-memory actuator 112 (and therefore pump assembly 106) and the duty cycle of SMA
drive signal 1612 essemially controls the stroke rate of shape-memory actugtor 112 (and
therefore pump assembly 106). Fusther, since SMA drive signal 1612 is indicative of a
differential vohume (Le., the volume infused during each cycle of shape memory actuator
FI2), SMA drive signal 1612 may be integrated by discrete time integrator 1614 to generate
volume signal 1616 which may be indicative of the total quantity of infusible fluid infused
daring a plurality of cycles of shape memory actustor 112, For example, since (as discussed
above} it may take ten cycles of shape memory actuator 112 (at 0.010 units per cycle) to
infuse 0.100 wnits of infusible fluid, discrete fime integrator 1614 may integrate SMA drive
signal 1612 over these ten cycles to determine the total quantity infused of infusible fluid
{as represented by volume signal 1616),

SMA drive signal 1612 may actuate pamp assembly 106 for e.g. one cycle, resulting
in the filling of volume sensor chamber 620 included within volume sensor assembly 148,
Infusion pump assembly 100 may then make a first measurerent of the quantity of fluid
included within volume sensor chamber 620 (as discussed above), Further and as discussed
above, measarement valve assembly 610 may be subsequently energized, resulting in all or
a portion of the fluid within volume sensor chamber 620 being delivered 1o the user.
Infusion pump assembly 100 may then make 1 measurement of the quantity of fluid
included within volume sensor chamber 620 (as described above) and use those two
reasurements to defermine Vi (i.e., the actoal volame of infusible fluid delivered to the
nser during the current cycle of shape memory actaator 112). Once deternined, V; (ie, as
represented by signal 1618) may be provided (i.e.. fed back) to volume controfier 1602 for

comparison lo the earlier-received target differential volume.
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Continuing with the above-stated example in which the differential target volume
was 9.010 units of infusible fluid, assume that Vy {i.e., as represented by signal 1618)
identifies 0.009 mits of mfusible fluid as having been deliverad to the user. Accordingly,

infusion pump assembly 100 may increase the next differential target volume to 0.011 units

2

to offset the earlier 0.001 unit shortage. Accordingly and as discussed above, the amplitude
andor duty cycle of SMA drive signal 1612 may be increased when delivering the next
basal dose of the infusible fluid to the user. This process may be repeated for the remaining
nine cycles of shape memory actuator 112 (as discussed above) and discrete fime integrator
1614 may continue 1o integrate SMA drive signal 1612 (to generate volume signal 1616)
10 which may defive the total quantity of infuysible fluid delivered to the user,

Referring also to FIG. 34, there is shown one possible embodiment of volume
controller 1602. In this particular implementation, volume controller 1602 may include PI
{proportiopat-integrator) controfler 1650,  Volume controller 1602 may include feed
forward controller 1652 for setting an initial “guess” concerning “on-time" signal 1606, For

15 example, for the situation deseribed above in which target differential volume signal 1600
identifies a partial basal dose of 0.010 units of infusible fluid per cycle of shape memory
actuator 112, feed forward controller 1652 may define ap initial “on-time™ of ¢.g., one
millisecond. Feed forward controller 1652 may include e.g., a lookup table that define an
initial “on-time™ that is based, at least in part, upon target differential volume signal 1600.

20 Volume controller 1602 may firther include discrete time integrator 1654 for integrating
target differential volume signal 1600 and discrete time integrator 1656 for integrating Vs
{i.e., as represented by signal 1618).

Reterring also o FIG. 35, there is shown one possible embodiment of feed forward
controller 1632, In this particular implementation, feed forward controfler 1632 may define

25 a constant value signal 1658 and may include amplifier 1660 (e.g., a unity gain amplifier),
the output of which may be summed with constant value signal 1658 at summing node
1662, The resnlting sommed signal (i.e., signal 1664) may be provided to as an input signal
to e.g, lookup table 1666, which may be processed to generate the owtput signal of feed
forward controller 1652

30 As discussed above, pump assembly 106 may be conirolled by shape memory

actaator 112, Further and as discussed above, SMA controller 1608 may process “on-time”
signal 1606 and battery voltage signal 1610 to determine the appropriate SMA drive signal

1612 1o apply to shape-memory actnator }12.
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Referring also to FIGS. 36-37, there is shown one particular implementation of
SMA controller 1608, As discussed above, SMA controller 1608 may be responsive to "on-
time" signal 1606 and battery voltage signal 1610 and may provide SMA drive signal 1612
to shape-memory actuator 112, SMA controller 1608 may include a feedback loop
(including unit delay 1700), the output of which may be multiplied with battery voltage
signal 1610 at multiplier 1702. The output of maltiplier 1702 may be amplified with e.g.,
unity gain amplifier 1704, The output of amplifier 1704 may be applied to the negative
mput of summing node 1706 {to which "on-time" signal 1606 is applied). The output of
summing node 1706 may be amplified {via e.g., unity gain amplifier 1708), SMA controller
may also include feed forward controfler 1710 to provide an initial value for SMA drive
signal 1612 (in a fashion similar to feed forward controlier 1652 of volume controller 1602;
See FIG. 35). The output of feed forward conwoller 1710 may be summed at summing
node 1712 with the output of amplifier 1708 and an integrated representation (i.e., signal
1714} of the output of amplifier 1708 o form SMA drive signal 1612,

SMA drive signal 1612 may be provided to contiol cireuitry that effectuates the
application of power to shape-memory actuatar 112, For example, SMA drive signal 1612
may be applied to switching assembly 1716 that may selectively apply corrent signal 1718
(supplied from batery 606) and/or fixed signal 1720 to shape-memory actuator. For
example, SMA drive signal 1612 may effectuate the application of energy (supplied from
battery 606 via curvent signal 1718) via switchiug assembily 1716 in a manner that achieves
the duty cyele defined by SMA drive signal 1612, Unit delay 1722 may generaie a delayed
version of the signal applied to shape-memory actuator 112 1o form battery voltage signal
1610 (which may be applied to SMA controller 1608).

When applying power to shape-memory actuator 112, voltage may be applied for a
fixed amount of time and: a) at a fixed duty cycle with an usregulated voltage; b) at a fixed
duty cycle with a regulated voltage; ¢ at a variable duty cycle based upon a measured
current value; d) at a variable duty cycle based upon a measured voltage value; and e) at a
varighle duty cycle bused upon the square of a measwred voltage value. Alternatively,
voltage may be applied to shape-memory actuator 112 for a variable amount of time based
upon a measured impedance.

When applying an unregulated voliage for a fixed amount of time at a fixed duty
cycle, inner loop feedback may not be used and shape memory actuator may be driven at a

fixed duty cycle and with an on-time determined by the outer volume loop.
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When applying a regulated voltage for a fixed amount of time at a fixed duty cycle,
inner loop feedback may not be used and shape memory acwator 112 may be driven at 2
fixed duty cvcle and with an on-tinoe deternined by the outer volume loop.

When applying an unregulated voltage at a variable duty cycle based upon a
measured current value, the actual cutrent applied to shape-memory actuator 112 may be
measured and the duty cycle may be adjusted duving the actuation of shape-memory
actrator 112 to maintain the COrrect mean current,

When applying an unregulated voltage at @ varigble duty cycle based wpon 2
measured voltage value, the actual voltage applied to shape-memory actuator 112 may be
measured and the doty cycle may be adjusted during the actuation of shape-memory
actuator 112 to maintain the correct mean voltage.

When applying an unvegulated voltage st a variable duty oycle based upon the
square of a measured voltage value, the actual voltage applied to shape-memory actuator
112 may be measured and the duty cycle may be adjusted during the sctuation of shape-
memmoty actuator 112 to maintain the squate of the voltage at a level required 1o provide the
desired level of power to shape-memory actuator 112 (based vpon the impedance of shape-
memory actuator 112).

Referring also to FIG. 38A-38B, there is shown other implementations of SMA
controller 1608, Specifically, FIG. 38A is an electvicgl schematic that includes a
microprocessor and varions control loops that may be configured to provide a PWM signal
that may open and close the switch assembly. The switch assembly may coatrol the current
that is allowed 1o flow through the shape memory actuator. The battery may provide the
current 1o the shape memory actuator. Further, 114B discloses a volume controller and an
inner shape memory getuator controller.  The shape memory actuator controller may
provide a PWM signal to the pump, which may be modified based on the battery voltage.
This may occur for a fixed ontime, the result being a volume that may be measured by
voltume sensor assembly 148 and fed back into the volume controlier.

In our preferred embodiment, we vary the duty cvcle based on the measwred battery
voltage to give von approximately consistent power. We adjust the duty cycle to
compensate for a lower battery voltage. Battery voltage may change for two reasons; 1) as
batteries are discharged, the voltage slowly decreases; and 2) when yor apply a load o a
battery it has an internal impedance so its voltage dips. This is something that happens in
any type of system, and we compensate for that by adjusting the duty cycle, thus mitigating

the lower or varying battery voliage. Battery voltage may be measwed by the
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micraprocessor. In other systems: 1) voltage may be regulated (put a regulator t© maistain
the voltage ar a sready voltage}; 2) feedback based on something else (i.e., speed or position
of & motor, not necessarily measuring the battery voltage).

Other configurations may be utilized 1o control the shape memory actuator. For

X

example: A} the shape memory actuator may be controlled at fixed duty cycle with
unregulated voltage. As voltage varies, the repeatablity of heating the shape memory
actoator is reduced. B) a fixed duty cyele, regulated voltage may be wtilized which
compensgte for changes in battery voltage. However, regulate the voltage down is less
efficient due to energy of energy. C) the duty cycle may be varied based on changes in
10 current {which may required more complicated measurement circuitry, 1) The duty cycle
may be varied based on measured voltage. E) The duty cycle may be varied based upon the
square of the current. or the square of the voltage divided by resistance. ¥) the voltage
may be applied for a variable amount of time based on the measured impedance (e.g., may

measure tnpedance usiug Wheatstone gauge (not shown)). The impedance of the shape

—
L

memory actualor may be correlaled to strain (i.e., may correlate how much the SMA moves
hased on its impedance).

Referving also to FIG. 39 and as discussed above, to enhance the safety of infusion
pump assembly 100, electrical control assembly 110 may include two separate and distinet
microprocessors, namely supervisor processor 1800 and command processor 1802,
20 Specifically, command processor 1802 may perform the functions discussed above (e.g.,

generating SMA drive signal 1612) and may control relay / switch assemblies 1804, 1806
that control the functionality of (in this example} shape memory actuators 112, 632
(respectively).  Comumand processor 1802 may receive feedback from signal conditioner
1808 concerning the condition (e.g., voltage level) of the voltage signal applied to shape
25 memory actuators 112, 632, Command processar 1800 miay control relay / switch assembly
1810 independently of relay / switch assemblies 1804, 1B06.  Accordingly, when an
infusion event is desired, both of supervisor processor 1800 and command processor 1802
must agree that the infusion event is proper and must both actuate their vespective relays /
switches. In the event that either of supervisor processor 1800 and corumand processor
30 1802 fails to actuate their respective relays / switches, the fnfuston event will not ocqur.
Accordingly through the use of supervisor processor 1800 and command processor 1802
and the cooperation and concurrence that must occur, the safety of fnfusion pump assembly
100 is enhanced.
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The supervisor processor miay prevent the command processor from delivering when
it is not supposed and also may alarm if the command processor does not deliver when it
should be delivering, The supervisor provessor may deactivate the relay / switch assembly
if the command processor actuates the wrong switch, or if the command processor it tries to
apply power for too fong.

The supervisor processor may redundantly doing caleulations for how much insulin
should be delivered (Le., double checking the caloulations of the command processor).
Command processor may decide the delivery schedule, and the supervisor processor may
redundantly check those caleulations.

Supervisor also redundantly holds the profiles (delivery profiles) in RAM, so the
command processor may be doing the correct caleulations, but if is has bad RAM, would
cause the command to come up with the wrong result. The Supervisor uses its local copy of
the basal profile, etc., to double check.

Supervisor can double check AVS measurements, looks at the AVS caleulations and
applies safety checks. Every time AVS measurement is taken, it double checks.

Referning also to FIG. 40, one or more of supervisor processor 1800 and command
processor 1802 may perform diagnostics on various portions of infiision punp assembly
100. For example, voltage dividers 1812, 1814 may be configured to monitor the voltages
{V1 & V2 regpectively) sensed at distal ends of ¢.g., shape memory actuator 112, The value
of voltages V1 & V2 in combination with the knowledge of the signals applied to relay /
switch assemblies 1804, 1810 may allow for diagnostics to be performed on various
conaponents of the circait shown in FI1G. 40 (in a manner stmilag to that shown n illustrative
diggnostic table 1816).

As discussed above and as illustrated in FIGS. 39-40, to enhance the safety of
infusion pump assembly 100, electrical control assembly 110 may include a plurality of
mictoprocessors {e.g., supervisor processor 1800 and ccsmmzinci processor 1802), each of
which may be required to interact and concur in order to effectuate the delivery of a dose of
the infusible fluid. In the event that the microprocessors fuil o intersct / concur, the
delivery of the dose of infusible fluid may fail and one or more alarms may be tiggered,
thus enhancing the safety and reliability of infusion pump assembly 100, |

A master alanm may be utilized that tracks the volume error over time. Accordingly,
if the sum of the errors becomes too large, the master alarm may be initiated, indicating that
something may be wrong with the system. Accordingly, the master alarm may be indicative

of a total volume comparison being performed and a discrepancy being noticed. A typical
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value of the discrepancy required to initiate the master alarm may be 1.00 milliliters. The
master alarm may monitor the sam in a leaky fashion (Le., Inmaccuracies have a time
horizon).

Referring also to FIGS. 41A-41B, there is shown one such illustrative example of

(v

such interaction amongst maliple microprocessors during the delivery of a dose of the
wfusible flaid. Specifically, command processor 1802 may first determine 1900 the initial
volume of mnfusible fluid within volume sensor chamber 620. Command processor 1802
naay then provide 1902 a “pump power request” message to supervisor processor 1800,
Upon receiving 1904 the “pump power request” message, supervisor processor 1800 may
10 eg. cnergize 1906 relay / switch 1810 (thus energizing shape memory actuater 112) and
may send 1908 a “pump power on” message to command processar 1802. Upon receitving
1910 the “pump power on” message, command processor 1802 may actuate 1912 e.g.,

‘

pump assembly 106 (by energizing relay ¢ switch 1804), during which time supervisor

3¢

processor 1500 may monitor 1914 the actuation of e.g., pump assembly 106,

—
W

Once actuation of pump assembly 106 is complete, command processor 1802 may
provide 1914 a “pump power off” message to sapervisor processor 1800. Upon receiving
1916 the “pump power off” message, supervisor processor 1800 may deenergize 1948 relay
¢ switch 1810 and provide 1920 a “pump power off” message to command processor 1802,
Upon receiving 1922 the “pump power off”™ message, command processer 1802 may
20 measure 1924 the quantity of infusible fluid pumped by pump assembly 106, This may be
accomplished by measuring the current quantity of fluid within volume sensor chamber 620
and comparing it with the quantity determined above (in step 1900). Ongce deiermived
1924, command processor 1802 may provide 1926 a “valve open power request™ messuge

1o supervisor processor 1800, Upon receiving 1928 the “valve open power reguest™
! P P £ :

o]
LA

message, supervisor processor 1800 may energize 1930 retay / switch 1810 (thus energizing
shape memory actuator 632} and may send 1932 a “valve open power on” message to
command processor 1802, Upon receiving 1934 the “valve open power on” message,
command processor 1802 may actuate 1936 e.g., measurement valve assembly 610 (by
energizing relay / switch 1806), during which time supervisor processor 1800 may monitor
30 1938 the actuation of e.g., measurement valve assernbly 610.

Once actuation of measurement valve assembly 610 is complele, command
processor 1802 may provide 1940 a “valve power off” message to supervisor processor

1800. Upon receiving 1942 the “valve power oft” message, supervisor processor 1800 may
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deenergize 1944 relay / switch 1810 and provide 1946 a “valve power off” message to
conumand processor 1802,

Upon receiving 1948 the “valve power off”” message, command processor 1802 may

provide 193 a “valve close power request” message to supervisor processor 1800. Upon

5 receiving 1932 the “valve close power request” message, supervisor processor 1800 may

energize 1954 velay / switch 1810 (thus energizing shape memory actuator 632) and may

send 1956 a “power on” message to command processor 1802, Upon receiving 1938 the

“power on” message, command processor 1802 may actuate 1960 an energizing relay /

switch (not shown) that is configured to energize shape memory actuator 652, during which

{0 time supervisor processor 1800 may monitor 1962 the actustion of e.g.. shape memory

actuator 652,
Shape memory actuator 652 may be anchored on a first end using electrical contact
654. The other end of shape memory actuator 652 way be conpected to bracket assembly

L1808

656. When shape memory actuator 652 is activated, shape wemory actuator 652 may puli

A

brackei assembly 656 forward and release valve assembly 634, As such, measwement
valve assembly 610 may be activated via shape memory actator 632. Once measurement
valve gssembly 610 has been activated, bracket assemnbly 636 may automatically latch valve
assembly 610 in the activated position. Actuating shape memory actuator 632 may puil
bracket assembly 656 forward and release valve assembly 634, Assuming shape memory
20 actuator 632 is no longer activated, measurement valve assembly 610 may move 1o a de-
activated state once bracket assembly 656 has released valve assembly 634, Accordingly,
by actuating shape memory actuator 652, measurement valve assembly 610 may be
deactivated.
Once actuation of shape memory actuator 632 is complete, command processor
25 1802 may provide 1964 a “power off” message to supervisor processer 1800, Upon
receiving 1966 the “power off” message, supervisor processor 1800 may deenergize 1968
relay ‘switch 1810 and may provide 1970 a “power off” message to command processor
1802, Upon receiving 1972 the “power off” message, command processor 1802 may
determine the quantity of infusible fluid within volume sensor chamber 620, thus allowing
30 command processor 1802 to compare this measured guantity to the quantity determined
above in step 1924) to deiermine 1974 the quantity of infusible fluid defivered to the user.
In the event that the quantity of infusible fluid delivered 1974 to the user is less than
the quantity of infusible fluid specified for the basal / bolus infusion event, the above-
described procedure may be repeated (via loop 1976).
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Referring also to FIG. 42, there is shown another illustrative example of the
interaction amongst processors 1800, 1802, this time during the scheduling of a dose of
infusible fluid. Command processor 1802 may monitor 2000, 2002 for the receipt of a basal

scheduling message or a bolus request message (respectively). Upon receipt 2000, 2002 of

LW {3

either of these messages, command processor 1802 may set 2004 the desired delivery
volume and may provide 2006 a “delivery request” message to supervisor processor 18300,
Upon recetving 2008 the “dehivery request” message, supervisor processor 1800 may verify
2010 the volume defined 2004 by comwmand processor 1802, Once verified 2010,
supervisor processor 1800 may provide 2012 a “delivery accepted” message to command
10 processor 1802,  Upon receipt 2014 of the “delivery accepted” message, command
processor 1802 may update 2016 the controller {e.p., the controfler discussed above and
illustrated in FIG. 33} and execute 2018 delivery of the basal / bolus dose of infusible fluid.
Command processor 1808 may monitor and update 2022 the total quantity of infusible fluid

delivined to the user (as discassed above and illusteated i FIGS. 41A-41B). Once the

ey
Afx

appropriate quantity of infusible fhad is delivered to the wser, command processor 1802
may provide 2024 a “delivery done™ message to supervisor processor 1800, Upon receipt
2026 of the “delivery done™ message, supervisor processor 1800 may update 2028 the total
quantity of infusible fluid delivered to the user. In the event that the total quantity of
infbsible fluid dehvered 2018 to the user is less than the quantity defined above {in step
20 2004), the mfusion process discussed above may be repeated (via loop 2030).
Referving also to FIG. 43, there is shown an example of the manner in which
supervisor processor 1800 and command processor 1802 may interact while effectuating a
volume measurements via volume sensor gssemnbly 148 (s described above).
Specifically, command processor 1802 may initialize 2050 volume sensor assembly
25 148 and begin collecting 2052 data from volume sensor assenbly 148, the process of which
may be repeated for each frequency utilized in the above-described sine sweep. Each time
that data is collected for a particular sweep frequency, a data point message may be
provided 2054 from command processor 1802, which may be received 2056 by sapervisor
processor 1800,
30 Once data collection 2052 is completed for the entive sine sweep, command
processor 1802 nuay estimate 2058 the volume of nfusible fluid delivered by infusion pump
assembly 100, Command processor 1802 may provide 2060 a volume estimate message 10
supervisor processor 1800. Upon receiving 2062 this volume estimate Message, supervisor

processor 1800 may check (ie., confirm) 2064 the volume estimate message. Once checked
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(L., confirmed), supervisor processor 1800 may provide 2066 a verification message to
conunand processor 1802, Once received 2068 from supervisor processor 1800, command
processor 1802 may set the measurement status for the dose of infusible fluid delivered by
volune sensor assembly 148,

Qcclusions andior leaks may ocowr anywhere along the flnid delivery path of
wntusion pump assembly 100. For example and referring to FIG. 44, occlusions / leaks may
ocewr: in the flusd path between reservoir 118 and reservoir valve assembly 614 in the fluid
path between reservoir valve assenbly 614 and pump assembly 106; in the fluid path
between pump assembly 106 and volume sensor valve assembly 612; in the fluid path
between volume sensor valve assembly 612 and volume sensor chamber 620; in the fluid
path between volume sensor chamber 620 and measurement valve assembly 610; and in the
fluid path between measurement valve assembly 610 and the tip of disposable cannula 138,
Infusion pump assembly 100 may be configared to execute one or more occlusion / leak
detection algorithins that deteet and locate such ccclusions / feaks and enhance the safety /
reliability of infusion pump assembly 100.

As discussed abave, when administering the infusible fluid, infusion pump assembly
100 may first determine the volame of infusible fluid within volume sensor chamber 620
priox to the administration of the dose of infusible fluid and may subsequently determine the
volwne of infusible fluid within volume sensor chamber 620 afer the adninistration of the
dose of infusible fluid. By monitoring these values, the occurrence of occlusions / leaks
nmay be detected.

Occlusion Type - Total: When a tolal occlasion is occurring, the difference
between the initial measurement prior 1o the administration of the dose of infusible fluid and
e final measurement after the administration of the dose of infusible fluid will be zero (or
essentially zero), indicating & large vesidual quantity of infusible floid within volume sensor
chamber 620, Accordingly, no fluid may be leaving volume sensor chamber 620.

Specifically, if the tip of disposable cannula is occluded, the flvid path down stream
of vohime sensor chamber 620 will fill with fluid and eventually become pressurized 1o a
tevel equivalent to the mechanical pressure exened by spring diaphragm 628. Accordingly,
upon measwrentent valve asserably 610 opening, zere (or essentially zero) Auid will be
dispensed and, therefore, the value of the initial and final measurements (as made by

volume sensos assembly 148 ) will essentially be equal,
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Upon detecting the occurrence of such a condition, a total occlusion flag may be set
and infusion pump assembly 100 may e.g., trigger an alarm, thus indicating that the user
needs to seek alternative means for recetving their therapy.

Occlusion Type - Partial: When a partial occlusion is occurring, the difference

5 between the initial measarement prior to the administration of the dose of mfusible flwid and
the final measurement after the administration of the dose of infusible fluid will indicate
that less than a complete dose of infusible fluid was delivered. For example, assome that at
the end of a particular pumping cycle, volume sensor assembly 148 indicated that 0.10
microliters of infusible fluid were present in volume sensor chamber 620. Further, assume

10 that measurement value assembly 610 is subsequently closed and pwop assembly 106 is
subsequently actuated, resulting in volume sensor chamber 620 being filed with the
infusible fluid. Further assume that volume sensor gssembly 148 determines that volume
sensor chamber 620 is now filled with 1.00 microliters of infusible fluid (indicating a

pumped volume of §.90 microliters).

-
W

Accordingly, upon the opening of weaswement valve assembly 610, the quantity of
infusible fluid included within volume sensor chamber would be expected to drop to 0.10
microliters (or reasonably close thereto). However, in the event of a partial occlusion, due
to a slower-than-normal flow rate from volume sensor chamber 620, the quantity of
infusible floid within volume sensor chamber 620 may only be reduced to 0.40 microliters
20 (indicating a delivered volume of 0.60 microliters). Accordingly, by monitoring the
difference between the pumped volume (0.90 microliiers) and the defivered volune (0.60
microliters), the residual volume may be defined and the occurrence of a partial occhusion
may be detected.

Upon detecting the occurrence of such a condition, a partial occlusion flag may be

]
LA

set and infusion pump assembly 100 may e.g., trigger an alarm, thus indicating that the user
needs to seek alternative means for receiving their therapy. However, as this is indicative of
a partial acclusion {as opposed 10 a complete occlusion), the issuance of an alarm way be
delaved, as the partial occlusion may clear itself.

Alternatively, infusion pump asserably 100 may: calculate a pump ontime to volume
30 delivered ratio; track it through time; and track by using a fast moving and a slow moving
exponential average of the pumyp ontime. The exponential average may be fracked, i a
fashion similar to the leaky sum integrator. The infusion pump assembly 100 may filter
signal and look for a fast change. The rate of fluid cutflow andior residual volume may be

monitored. If the residual volume does not change, then there may be a total occlusion. If

Date Regue/Date Received 2021-10-01



81

the residual volume changed, they may be a partial occlusion.  Altematively sull, the
residual values may be summaed. If the number of valve actuations or the latch time is being
varied, the fluid flow rate may be examined, even if you build up pressure in volume sensor

assembly 148

L 41

Total/ Partial Empty Reserveir: When reservoir 118 is becoming empty, it will
become more difficult to il volume sensor chamber 620 to the desired level. Typically,
pump assembly 106 is capable of pumping 1.0 microliters per millisecond. For example,
assume that an “empty” condition for volume sensor chamber 620 is 0,10 microliters and a
“full” condition for volume sensor chamber 620 is 1.00 microliters, However, as reservoir
{0 113 begins to empty, it may become harder for pump assembly 106 to fill velume sensor

chamber 620 to the “full” condition and may consistently miss the goal. Accordingly,
during normal operations, it may take one second for pump assembly 106 to fill volume
sensor chamber 620 to the “full” condition and, as reservoir 118 empties, it may take three
seconds to fill vohume sensor chamber 620 to the “full” condition. Eventually, if reservoir
15 118 completely enpties, volume sensor chamber 620 1may never be able to achieve a “full
condition”. Accordingly, the inability of pump assembly 106 to fill volume sensor chamber
620 to a “full” condition may be indicative of reservoir 118 being empty. Alternatively, the
ocenrrence of such a condirion may be indicative of other situations (e.g., the failure of
pump assenthly 106 or an ecclusion in the fluid path prior o volume sensor chamber 620).
20 Infusion pump assembly 100 may determine the difference between the "full" condition and
the amount actually pumped. These differences may be summed and the made up for ouce
the reservoir condition is addressed.

Upon detecting the occwrrence of such a condition, an empty flag may be set and

infusion pump assembly 100 may e.g., trigger av alarm, thus indicating that the user needs

e
LA

o e.g. replace disposable housing assembly 114,

Additionally, as reservoir 118 empties, reservoir 118 will eventually resalt in a
“vacunm” condition and the ability of pumyp assembly 106 to deliver fluid to volume sensor
charober 620 may be compromised.  As discussed above, volume controller 1602 may
include feed forward controller 16352 for setting an initial “guess” concerning "on-time”
30 signal 1606, wherein this initial guess is based upon a pump calibration curve. For
example, m order for pump assembly 106 to deliver 0.010 units of infusible fluid, feed
forward controtler 1652 may define an inidal “on-time” of e.2., one millisecond. However,
as reservoir 118 begins to empty, due to compromised pumping conditions, it may take two

milliseconds to deliver 8.010 units of infusible flud. Further, s reservoir 118 approaches a
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fully empty condition, it make take ten milliseconds 10 deliver 0.010 units of infusible fuid.
Accordingly, the occurrence of reservoir 118 approaching an empty condition may be
detected by monitoring the level at which the actual operation of pump assembly 106 (e.g.,
two milliseconds to deliver 0.010 units of infusible fluid) differs from the anticipated
operation of pump assembly 106 (e.g., one millisecond to deliver 0.010 units of infusible
flud).

Upon detecting the occurrence of such a condition, a reserve flag may be set and
infusion pump assembly 100 may e.g., trigger an plarm, thus indicating that the user will
need to ¢.g., replace disposable housing assembly 114 shortly.

Leak Detection: In the event of a leak {e.g., a leaky valve or a rupture / perforation)
within the fluid path, the ability of the fluid path 1w retain fluid pressure may be
compromised. Accordingly, in order o check for leaks within the fluid path, a bleed down
test may be performed in which pump assembly 106 is used to pressurize volume sensor
chamber 620. Volume sensor assembly 148 may then perform a first volume measurement
(as described above) to determine the volume of infusible fluid within volume sensor
chamber 620. Infusion pump assembly 100 may then wait a defined period of time to allow
for bleed down in the event of a leak. For example, afier a sixty second bleed down period,
volume sensor assembly 148 may perform a second volume measurement (as described
above) to determine the volume of infusible fluid within volume sensor chamber 620. If
there are no leaks, the two volume measurements should be essentially the same. However,
in the event of a leak, the second measurement may be fess then the Firsi measurement.
Additionally, depending on the sevetity of the leak, pump assembly 106 may be incapable
of filling volume seusor chamber 620, Typically, a feak check may be performed as part of
a delivery of infusible fluid.

In the event that the difference between the first volume measurement and the
second volume measurement exceeds an acceptable threshold, a leak flag may be set and
infusion pump assembly 100 may e.g., wigger an alamm, thus indicating that the user needs
to seek alternative means for receiving their therapy

Referving to FIG. 45 and FIG. 46, an exewplary embodiment of a split ring resonator
antenna adapted for use in a wirelessly controlled medical device, and is used in the
exemplary embodiment of the infusion pump assembly, includes at least one split ring
resonator antenna (hereinafier “SRR antenna®™) 2508, a wearable electric circutt, such as a
wirelessly controlled medical infusion apparatus (hereinafier “infasion apparatus”) 2514,
capable of powering the antenna, and a control wnit 2522
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In various embodiments, a SRR antenna 2508 may reside on the surface of & non-

conducting substrate base 2500, allowing a metallic laver (or favers) to resonate af a

predetermined frequency. The substrate base 2300 may be composed of standard printed

circuit board material sueh as Flame Retardant 2 (FR2), FR-3, FR+4, FR-5, FR-6, G-10,

> CEM-1, CEM-2, CEM-3, CEM-4, CEM-S, Polyimide, Teflon, ceramics, or flexible Mylar.

The metallic resonating bodies comprising a SRR antenna 2508 may be made of two

rectangular metallic layers 2502, 2504, made of, for example, platinum, iridium, copper,

nickel, stainless steel, silver or other conducting materials. In other various embodiments, a
SRR antenna 2508 may contain only one metallic resonating body.

10 In the exemplary embodiment, a gold-plated copper outer layer 2502, surrounds,
without physically contacting, a gold-plated copper inner ting 2504. That is, the inner ring
2504 resides in the cavity 2510 (or aperture) formed by the outer layer 2502, The inner ring
2504 may contain a gap, or split 2506, along its surface completely severing the material to
form an fncomplete ring shape. Both metallic resonating bodies 2502, 2504 may reside on

15 the same planar surface of the substrate base 2300. In such a configuration, the outer layer
2502 may by driven via a transmission line 2512 coupled to the outer layer 2502, for
example, Additionally, w various other embodiments, a transmission line 2512 may be
coupled to the inner ring 2504,

Antenna design software, such as AWR Microwave Office, capable of simulating

20 electromagnetic geometries, such as, antenna performance, may significantly decrease the
time required 1o produce satisfactory dimensions compared to physically fabricating and
testing antennas. Accordingly, with aid of such sofiware, the SRR autenna 2508 may be
designed such that the peometric dimensions of the resonant bodies 2302, 2504 facilitate an
operational frequency of 24GHz FIG. 50 depicts the exemplary dimensions of the inner

e
n

ring 2504 and outer layer 2502, and the positioning of the cavity 2510 in which the inner
ring 2504 resides. The distance in between the outer layer 2502 and the inner ring 2504 is ¢
constant 0.005 inches along the perimeter of the cavity 2510.  However, in other
embodiments, the distance between the outer layer and the inner ring may vary and in some
embodiments, the operational frequency may vary.
30 In various embodiments, 2 SRR antenna 2508 may have dimensions such that it
could be categorized as elecuically smalf, that is, the greatest dimension of the antesna
being far less than one wavelength at operational frequency.

In various other embodimeuts, a SRR antenna 2508 may be composed of one or

more alterngtively-shaped metattic outer layers, such as circular, pentagonal, octagonal, or
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hexagonal, surrounding one or more metallic inner lavers of sinnlar shape. Further, in
various other embodiments, one or more metallic layers of a SRR antzana 2308 may contain
gaps in the material, forming incomplete shapes.

Referring to FIG. 48, a SRR antenna 2308 having the exemplary geometry exhibits

(¥

acceptable return loss and frequency values when placed in contact with human skin. As
shown in FIG. 48, focusing on the band of interest denoted by markers 1 and 2 on the graph,
return loss prior to contact with homan skin is near -15 B while monitoring & frequency
band centered around 2.44 GHz. Return loss duting contact with human skin, as shown in
FIG. 48A, remains a suitable vslue near -25 dB at the same frequency, vielding
10 approximaiely 979 transmission power.

These resulis are favorable especially as compared with a non-split xing resonator
antenna type, such as the Inverted-F. Return loss of an Inverted-F antenna may exhibit a
difference when the antenna contacts human skin, resulting in a low percentage of power

transmitied outward from the antenna. By way of example, as shown fn FIG. 51, and again

.
W

focusing on the band of interest denoted by markers 1 and 2 on the graph, return loss of an
Inverted-F antenna prior to contact with human skin is near -25 dB at a frequency centered
around 2.44 GHz. Return loss during contact with human skin is neatly -2 dB at the same
frequency, vielding approximately 37% power transmission.
Integration with a Wireless Medical Device

20 I the exemplary embodiment, referring to FIG. 50 and FIG. 46, one application of a
SRR amtenna 2508 may be integration into & wegrable infusion apparatus 2514 capable of
delivering fluld medication to a user/patient 2524, In such an application, the safety of the
user/patient is dependent on fluid operation between these electrical components, thus

reliable wireless transmission to and fiom a control unit 2522 is of great importance.

>
L

An infusion apparatus 2514 may be worn directly on the human body. By way of
example, such a device may be attached on or above the hip joint in direct contact with
human skin, placing the SRR anterwia 2508 at risk of unintended dielectric loading causing a
frequency shift in electrical operation.  However, in such an application, electrical
characteristics of the SRR antenna 2508 which alfow it to be less sensitive to nearby
30 parasitic objects are beneficial in redueing or eliminating degradaiion to the performance.
A controlling component, such as a conirol unit 2522 {generally shown in FIG. 49), may be
paired with an infusion apparatus 2514, and may be designed to transmit and receive
wireless signals to and from the infusion apparatus 2514 at a predetermined frequency, such

s 2,4 GHz. In the exemplary embodiment, the conirol unit 2522 serves as the main user
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interface through which a patient or third party may manage insulin delivery. In other
embodiments, infusion apparats 2314 may utilize 2 SRR antenna 2508 to communicate
with one or more control units 2522,

In various embodiments, a pumber of different wireless conymunication protocols

N

may be used i conjunction with the SRR antenna 2508, as the protocol and data types to be
transferved are independent of the electrical characteristics of the antenna. However, in the
exemplary embodiment, a bi-directional master/dlave means of communication organizes
the data transfer through the SRR antenng 2508, The control wnit 2522 may act as the
master by periodically polling the infusion apparatus 2514, or slave, for information. In the
{0 exemplary embodiment, only when the slave is polled, the stave mav send signals to the
control wnit 2322 only when the slave is polled. However, in other embodiments, the slave
may send signals before being polled. Signals sent by way of this system may include, but
are not limited to, control. alarm, status, patient weatment profile, treatment logs, channel

selection and negotiation, bandshaking, encryption, and check-sum. in some embodiments,

poevy
LR

transmission through the SRR antenna 2508 may also be halted during cettain infusion
operations as an added precaution against electrical disruption of administration of insulin
1o the patient,

In the exemplary embodimen:, the SRR anterma 2508 may be coupled to electrical
source circuifry via one or more pins 2516 on a transmission line 2512, In various other
20 embodiments & transmission line may comprise a wire, pairs of wire, or other controlled

impedance methods providing a chanmel by which the SRR antenna 2508 is able to resonate

at a cettain frequency. The iransmission line 2312 may reside on the surface of the

substrate base 2500 and may be composed of the same material ag the SRR antenna 2508,

such as gold-plated copper. Additionally, a ground plane may be attached to the surface of
25 the substrate base opposite the transmission line 2512,

The electrical circuitry coupled to the SRR antenna 2508 may apply an R¥ signal to
the end of the transmission line 2512 nearest the circuitry, creating an electromagnetic field
throughowt, and propagating from, the SRR antenna 2508, The electrical circuitry coupled
to the SRR antenna 2508 facilitates resonance at a predetermined frequency, such as

3¢ 2.4GHz. Preferably, transmission ling 2512 and SRR antenna 2508 both have impedances
of 3¢ Olums to simplify circuit simulation and characierization. However, in other various
embodiments, the transmission line and split ting resonator antenna may have other

unpendence values, or a different resonating frequency.
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Referring o FIG. 47, a signal processing component(s) 2518, such as, a filter,
amplifier, or switch, may be inegrated into the ransmission line 2512, or at spme point
between the signal source commection pins 2516 and the SRR antenna 2508. In the
exemplary embodiment, the signal processing component 2518 is a band-pass filter to
facilitate desived signal processing, such as, allowing only the exemplary frequency to be
transmitted to the antenna, and rejecting fiequencies outside that range. In the exemplary
embodiment, a Combline band-pass filter 2518 may be included in the transmission line
2512 between the antenaa and the signal sowce. However in other embodiments, any other
signal processing device, for example, but not limited to, filters, amplifiers, or any other
signal processing devices known in the a,

In various embodiments, a SRR antenna 2508 may be composed of metallic bodies
capable of resonating on a flexible or rigid substrate. As shown in FIG. 46, the exemplary
embodiment incorporates a curved SRR anterma on a flexible Polvimide substrate 2520.
Polyimide may be the exemplary material because it tends to be more flexible than
alternative substrates. This configuration may allow for simplified integration into citeular-
shaped devices (such as a wirelessly controlled medical infusion apparatus 2514), devices
with irregulm~shaped external housing, or devices in which saving space is paramount.

In various embodiments, both control unit 2522 and base unit 2514 may incorporate
a split SRR antenna 2508. This configuration may prove benefictal where the control unit is
meant to be handheld, in close proximity to human skin, or is likely to be in close proximity
1o & varying number of materials with varying diclectric constants.

In various embodiments, a SRR antenna 2508 may be integrated into a
configuration of medical componenis in which one or more implantable medical devices,
operating within the human body, communicate wirelessly to a handheld, body-mounted, or
remote conrel unit. In cenain embodiments, both body-mounted and in-body wireless
devices may utilize a SRR anenna 2508 for wireless communication. Additionally, one or
more of the compopents utilizing a SRR antenna 2508 may be completely sumounded by
humas skin, tissue or other dielectric matenal. By way of example, such a configuration
may be used in conjunction with a heart monitoring/control system where stability and
consistency of wirgless data transimission are of fundamental concemn.

In various other embodiments, a SRR antenna 2508 may be integrated into the
embodiments of the infusion pump assembly, Configuration of medical components in
which one or more electiical sensors positioned on, or attached to, the human body

witelessly communicate to a remote transceiving unit. By way of example, a plusality of
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electrodes positioned on the body may be coupled to a wireless unit employing a SRR
antenna 2508 for wireless transmission to a remotely located electrocardiogram machine.
By way of further example, a wireless temperature sensor in contact with human skin may

employ SRR antenna 2508 for wireless comnunication to a controller unit for temperature

17

regulation of the room in which the sensor resides,

The infusion pump described herein contains a NITINOL, or shape-memory alloy,
actuated binary valve (the measorement valve). This valve is actuated by applying an
electrical current to the NITINOL wire which causes the wire to change phase, contract, and
actuate the valve, Itis desirable to minimize the time that current is applied to the
10 NITINOL for many reasons, including, but not limited o, the following: 1) to minimize
power consumption; 2) to minintize cycle time; and 3) to maximize NITINOL cycle life.
Minimizing power consumption may extend the battery life and thus, provide for longer
functionality of the pumip between recharging. Maximizing the NITINOL cycle life extends

the life of the resusable portion of the nfusion pump and provides for longer performance

i
W

of the pump. Both of these may be desirable in a closed-loop or semi-closed loop system,
as well as in an open loop system.

Regular operation of the pump involves the following steps, amongst others. First,
an tmtial volome measarement is taken of the Acoustic Volume Sensor chamber using the
Acoustic Volume Sensor (AVS). Nexi, fluid is prmped from the reservoir to the AVS
20 chamber using the pulse pump. Then, another measurement is taken of the full AVS
chamber. Next, the measurement valve is actuated and the fluid refeased from the AVS
chamber and to the user/patient through a wbing set. Finally, a final AVS measurement is
taken.

I various embodiments, the difference between the second and first AVS

FRe]
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measurements is the pumped volure; this is the volume pumped into the AVS chamber.
The difference between the second and the third AVS measurements Is the delivered
volume; this is the volume delivered 1o the user/patient. The difference between the
pumped volume and the delivered volume is the residual volume; this is the volume
remaining in the AVS chamber after the actuation of the measurement valve,

30 The measurement valve is actuated by allowing current to flow through the Valve
NITINOL wire at a given duty cycle and on-time. In the exemplary embodiments the valve
may be driven at a nominal 8% dusy cycle that is adjusted to compensate for variations in
supply voltage. In the exemplary embodiments, the ontime that is varied to minimize the

electrical power used to actuate the valve, However, in other embodiments, a similar result
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may be accomplished by varving the duty cycle instead of the ontime or by using a
combmation of the two, for example. The ontime is varied using the algorithm described
below.

When the controller is initialized the valve ontime, to, is initially set t0 a low valoue

[V

that is below the minimum ontime needed to actuate the valve (which, in some
embodiments, i approximately 200 ms). Deliveries are conducied using the steps #1 to #3
described above. When these steps are complete the following additional steps are taken,
The residual volume is caleulated; if the residual volame is not close 1o zero, it is hikely that
the valve did not open. In this case t., 15 increased (in the exemplary embodiment, the 1,
10 is increased by a fixed 20 ms sach iteration, bowever, in other embodimenty, the increase
ontime may vary) and steps #4 to #7 are repeated until the valve opens and either the
residual volume is close to zero or the maximum allowed valve ontime is reached.

This algorithm effectively increases the valve ontime by just encugh (to within the

on-time increment} 1o open the valve. However, it is possibie that the necessary on-time

—
S

miay decrease over time or may be abnormally high during a given delivery. If this were the
case the valve omtime would increase to compensate, but would then remain high wntil the
controlfer/algorithm is reset. In the exemplary embodiments, determining whether the AVS
valve was actuated for longer than necessary may not be corapleted. Thus, in some
embodiments, to compensate for this non determination, once the valve opens, the residual
20 volume will be close to zero regardless of any extra open time.  The valve controller then
decrements the valve ontime each delivery (in the exemplary embodiment, the decrease is
by 2 ms, however, w other embodiments, this decrease amount may be different). This
allows the valve ontime to gradually decrease until it is insufficient to open the valve. At

that point the algorithm described above will increase the valve ontime by a larger
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increment (e.g., 20 msj and the process will continue. The result is a control profile of
valve ontimes close to the minimum value needed to open the valve. In these embodiments,
the system: uses the minimim amount of power to actuate the measurement valve,

In exemplary embodiments, and referring to the controller described above, volume
sensor assenbly ronitors the amownt of fluid infused by the infusion pump assembly.
30 Thus, following the infusion of flud from the volume sensor chamber, the conirofler
determines whether the volume infused is less than or greater than the desired volume or
scheduled volume for that pulse. Following, the controller may either increase or decrease
the volume delivered in a pulse, or over a series of pulses. following. This includes, but is

not fimited to, the controller adding or subtracting & volume from one of more pulse of
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upcoming scheduled delivery volumes for a given period of time. Thus, embodiments of
the fluid delivery system include a controller that both calculates the volume of infusible
fluid delivered and also, recalculates, as necessary, upcoming delivery volumes based on the
volume delivered in any given pulse. This ensures the desired volume is delivered within a
short period of time from any given pulse.

As discussed above, with reference 1o the delivery of insalin for parposes of
ilustration, various delivery volumes may be either programmed or requested at g given
time.  These include, but are not limited to, a normal bolus, an extended bolus, a
combination bolus {l.e., a percentage of an extended bolus delivered as a normal bolus,
followed by the remaining petcemage deliverad over 8 desired/requested or pre-determined
period of time), and a basal rate (which, in many embodiments, may include one or more
pre-programmed basal rates per a 24 hour period).

The system for controlling the delivery of infusible fluid ineludes a delivery
wajectory, Le., vohames of fluid, whether basal, normal bolus, extended bolus, and/or
combination bolus, which will be delivery, as well as a schedule, 1.€., when the various
volumes will be delivered. As discussed above, in the exemplary embodiments, the
controlfer includes a feedback mechanism. Thus it some embodiments, the trajectory and
the schedule for delivery may vary based on the volume sensor assembly measured
volumes.

In the exemplary embodiments, a constant, or approximately constant, trajectory
nay be beneficial, A constant trajectory may be desired for many reasons, including, but
not tinvted to, maintaining a constant trajectory to eliminate or mitigate wansience.
Transience may be introdaced into the system based on the mapping of the joules applied ©
the shape-memory actuator and the resulting volume delivered or measured by the volume
sensor assembly. Over tiree, the mapping may vary, Contributing factors that may vary the
mapping include, but ate not limited to, temperature, reservoir volume, and/or time and use
of the shape-memory actuator. Thus, it may be desirable to maintain a ¢lose to constant
trajectory in order to elivnnate the influence of variables which may be introduced andfor
way affect the system.  Additionally, a constant trajectory gives rise to further opportunities
for the controller to adjust delivery volumes in response to volure sensor assembly
easuremnenls,

In varfous embodiments of this delivery method and system, a trajectory is
calculated based on delivery commands the system receives, which may iclude e 2., bolus,

extended bolus, combingtion bolus and basal, The interval for delivery may be determined
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based on one or moere of the following factors: 1) the maximum pulse volume; 2) the
minimat pulse volume; 3) power consumption; sandéor 4) minimum pulse interval. In the
exemplary embodiment, one or more factors may be taken into consideration.  In various
embodiments the system determines the trajectory, and working within the confines of the
interval factors, determines the interval and volume of fluid delivery to meet the desired
trajectory, with the preference, in some embodiments, that each delivery be of an equal
volume and that the delivery be completed in as many equal volume deliveries as possible
(to allow for adjustments in the volume). Thus, the intervals may vary, but in the exemplary
embodiment, the volumes delivered per interval will be constant, or approaching constant,

In the exemplary embodiment, with respect to bolus delivery, when determining the
interval for delivery of the bolus volume, the system may determine the delivery schedule
for the bolus volume to be delivered as quickly as possible within system preferences (i.e.,
values that may optimize the system performance) and/or system constraints {Le., minimum
and maximum puises and minimum and maximwm intervals). For example, in the
exemplary embodiment, the system may include a maximum pulse delivery volume of 2.0
microliters and a minimum pulse delivery volume of 0.5 microliters. Further, in some
embodiments, it may be preferred that the rainimum pulse interval is six (6) minutes. Thus,
given the maximum and minimuem pulse volume, together with the minimum interval, the
systemt muay determine the optimal schedole for delivery, Le., the volume of each delivery
{(with the preference being that each scheduled volume is equal) and the interval between
each delivery,

In some embodiments, in determining the number of deliveries for a bolus volume,
the system may defer 1o delivering the bolus volume 9s quickly as possible, given that egch
scheduled pulse for the bolus delivery is equal. However, in some embodiments, the system
may deternune the number of deliveries for a bolus volume by deferring to a set number of
pulses, e.g., ten {10). Given this deference, the system may then deterniipe the intervals and
volume of each pulse by dividing the bolus volume by 10. Following, if the resulting
delivery volume is less than the minipwm delivery volume, e.g., 0.5 microliters, then the
system may determine the schedule based on less than 10 pulses. If the resulting delivery
volume is greater than the maximum delivery volume, ¢.g., 2.0 microlifers, the system may
determine the schedule based on more than 10 pulses. Thus, although in the exemplary
embodiment, the system may give deference to a given number of pulses to deliver a
requested volume, the system may decrease or increase that given number of pulses if the

volumes are less than the minimam pulse volume, or greater than the maximum pulse
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volume. It should be noted that although exemplary embodinments have been described, this
is for illuswative purposes only. In other embodiments, the system may have a different
deference number for the number of pulses, andior difference values for minimum and

maximum pulse volumes. Further, the exemplary interval may also vary, thus, in some

W&

embodiments, the preferred interval may be less than 6 minutes or greater than 6 minutes.
As discussed above, in addition to bolus scheduling, other deliveries intervals, e.g.,
extended bolus, combination bolus and basal, may also be determined with the desire that
each pulse volume is equal. Thus, the intervals may vary, however, as discussed above, the
system may include a minimum interval, e.g, 6 minates. With respect to scheduling basal

10 deliveries, in the exemplary embodiment, the schedule for & given basal rate delivery may
be determined by first dividing the rate per hour by a preferred interval (e.g., 6 minutes).
For example, with a rate of 1 unit (i.e., in terms of U-100 insulin, 10 microliters) per hour,
the schedule may be 1 delivery of 1.0 microliter every ¢ minutes, equating to 10 deliveries
of 1.0 mucroliter i one bour.  As discussed above, in various embodiments, the system may

15 include a volume per pulse maximum and mininnan, thus, similarly o example given above
with respect to bolus rate scheduling, where the volume mininum or maximum is reached,
the munber of pulses may be increased or decreased accordingly, in order to maintain equal
volume per pulse. An example of a basal rate trajectory as well as an example of a delivery
schedule for that trajectory is shown in FIGS. S3A-53B.

20 Further to the embodiments of the delivery system and method described herein,
where one or more delivery events are desired for a given time interval, i.¢., during vegular
basal delivery, a bolus is requested, this embodiment of the scheduling is beneficial for
many reasons, including, but not limited to, determining the vohime attributed 1o basal and
the volume attributed to belus for purposes of other calculations, e.g., “insulin on board”

25 caloulations.  'With respect to some embodiments of this exemplary embodiment, when a
basal trajectory and scheduled delivery are in progress and a bolus is reguested, the system
may calculate the bolus schedule and then recalculate the basal schedule. For example, in
somie cases, for a single pulse, s portion of the pulse volume may be attributed w the
“bolus™ and a portion to the “basal”, and for a given bolus delivery, together with an

30 ongoing basal, the pulses may deliver equal vohunes. With respect to an extended

bolus delivered together with a basal rate, a similar delivery schedule may be calculated.

Reterring now to FIGS. 54A-34B, an example of a basal and extended bolus trajectory and

a delivery schedule for that trajectory, are shown. The basal and extended bolus delivery

schedule may be determined by taking into account the timeframe for the extended bolus
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and the overlapping rate for any basal, Unlike 2 normal bolus, in the exemplary
embodiment, it may not be the goal of the system to deliver the extended bolus “as quickly
as possible” given the system constraints, but rather, is delivered over a given period of

time. Thus, the delivery schedule may be determined by first calculating the optimal

(¥

schedule for delivery of the extended bolus, and then recalculating the basal delivery for the
timeframe of the extended bolus, such that the basal and extended bolus may be delivered in
equal volume pulses over the timeframe for the extended bolus.

Refernng now to FIGS. 35A-55B, an example of a basal, extended bolus and bolus
frajectory and a delivery schedule for that trajectory, are shown. Combining the discussion
10 above regarding scheduling the delivery of a basal, 2 normal bolus, and an extended bolus,
when all three are to be delivered during an overlapping time period, FIGS. S5A-55B are an
example of a resulting schedule according o an exemplary embodiment, As shown, the
basal and extended bolus may be delivered at a first interval while the normal bolus may be

delivered at a second interval, however each of the first and the second intervals include

o
L

equal detivery volumes.

Referring again to FIGS. 34A-54B and FIGS. 55A-358B, it may be understood that
the system may differentiate a volume delivered as a “basal” from a volume delivered as a
“bolus” (including an extended bolus) even when the combined volimes are delivered in a
single pulse of cqual volumes over an overlapping timeframe. This differentiation may be
20 beneficial in calculating the amount of bolus or basal “on board™, 1.¢., the time at which a
particular volume of “basal™ as opposed to & particular volume of “bolus™ was a delivered in
FHGS. 548 and 538 allow for a more accurate calculation of insnlin on beard, as insulin on
board is a calculation that depends on many factors, including the time and volume of
delivery.

Q]
A

Yarious embodiments of the system may include various control-loop algorithms for
either a closed-loop or semi-closed loop control method. In some embodiments, the system
includes a baseline trajectory. As discussed above, the system may follow this tajectory
watil one or more sensor data dictate that the trajectory may change. In some embodiments,
the changes to the trajectory may be governed by boundaries which may be preprogrammed
30 by the user/care giver. As discussed above, changes to the trajectory, in some
embodiments, may be made upon notification to the user and in some embodiments, apon
notification followed by confirmation by the user. In some embodiments, where the
trajectory change may be in response to tnexpected results, the system may notify the user
prior to shutting the system down.
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Thus, in the various embodiments, control foop algorithms take into account a
physiological model (which may be adaptive from a baseline model}; data from at least one
sensor, e.4., a CGM system, i.e., representing the interstitial fluid glucose level; and the

volume of medical fluid, e.g. insulin, delivered and fingersticks, i.e., representing the blood

(¥ {3

glucose level.

In various embodiments, an estimator works together with a controlter, The
controtier determines the amount of medical finid or insulin to deliver based on the
estimator’s predietion.  Thus, errors in the estimator will provide for incorrect delivery
requests from the controller.

10 More importantly, incorrect amounts delivered by the contvoller {ie., the controtler
requests a delivery of 250 units and actually delivers .20 or 30 or anotber volume, either
higher or lower than the volume requested) will then alter the effect of the estimator,

In various embodiments, the estimator works with the physiology to establish a
“trajectory™. The tajectory may be based on a number of factors and may be continnously

15 updated/changed. The tajectory uses the CGGM data (which may be checked or calibrated
by fingersticks as discussed herein) and. in some embodiments, an established normalized
or “baseline”™ basal delivery schedule, to predict 13 glucose values and 2) detesmine
delivery volumes and schedule.

As discussed above, the trajectory may be constantly wpdated or changed based on

20 actoal CGM or fingerstick data (fingerstick data may be used to confirm CGM data or
calibrate the CGM data) and actual volnme of insulin delivered, Thus, in a controlled loop
or semi-controlled toop syster, both the data from the CGM/fingersticks and the actual
volume of insulin delivered are key components to the system, If one or both of these
values are inaccurate, the system may not perform as effectively as desired.

23 in some embodiments, using a pre-established or “baseline™ delivery trajectory, the
pre-established trajectory may be referred to as an “outer loop™, as the trajectory may
include a basic “baseline” delivery schedule (volume and time of delivery). The trajectory
may be established using one or more limitations of the hardware, including, but not limited
to: the minimum and/or maximum stroke of the pump; optimal deivery patterns: and/or

30 energy efficiency, i.e., battexy life.

The aciual trajectory may be modilied in response to detected meals or an input
indicating the presence of a factor or an “event” that may affect insulin sensitivity,
including, but not Fimited to, one or more inputs {either via manval user inpat or sensor

data) indicating exercise (inclading duration and level or type), iliness, dehydvation, steep,
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menstration and/or stress.  Additionally, a meal or carbolydrate being consumed by the user
ts also an event which may affect or alter the trajectory. As discussed above, through
calibration and profile records, and/or through sensor data, the system may predict one or
maore of these gveuts.

Using the actual volume delivered as the input to the estimator may achieve an
accurately met trajectory. Additionally, using the actual volume delivered may result in a
more accurate and precise predicative algorithm. For example, if the conteeller requested an
insulin delivery and the actual volume delivered is different from the requested volume or
assumed volwme delivered, then the predictive algorithm may be inaccurate, Thus, it is
desirable that the trajectory or caler loop itself is as close to correct for the duration as
possible, however, even where the trajectory is correct, where the pump fails to delivery
either the volume desired or af the time desired, the trajectory is not met. This is an
example of the actual trajectory varying from the trajectory requested or the outer loop.

Thus, the actual delivery versus the frajectory may be very different where the
volume delivered by the punip is inaccurate or vaties from requested. Inaccurate delivery
may be the result of pump error, veclusion and/or bubbles in the fluid line, or other. Inthe
exemplary embodimonts, the system uses the AVS sensor and the methods described herein
to accurately and precisely measure the volume of insulin delivered by the pump.

The ability 1o precisely and acourately determine the volume of insulin delivered
effects mauy aspects of the control foop system. As non-limiting example, the precise and
accurate determination of volume of insulin delivered feeds into the precise and accurate
determination of jnsulin~on-board or “JOR”. The precise estimation or determination of
1OB is a factor with respect to 1) accounting for delivery; and 2) accurate delivery.

Also, in the various embodiments described herein, an accurate measurement of the
volume of medical fluid/insulin detivered may alse altow for more accurate and precise
recognition of sensor failure or the integrity failure of one or more sensors. For example,
with respect to one or more CGM sensors, if an e.g. 2 unit delivery of insulin was requested
and the control systemt assames the pump delivered 2 units and following, receives glucose
datn indicating an unexpected resuk, as discussed above, the system, in some embodiments,
may instigate default shirdown, Thus, the system would shutdown based on the
“unexpected” CGM daia. However, assame that the pump actually delivered 1 anit, rather
than 2 units, and assume that the glucose data is consistent with a 1 unit delivery, then the
(M sensor has not produced an actual vnexpected result, vather, it was a perceived

unexpected result based on a lower than expected volume of insylin being delivered. Thas,
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the precise and accurate determination of the volume of insulin (or other medical fluid)
delivered may provide a more accurate and safe controlled loop system for the defivery of
medical fluid therapy.

Further, with respect to the various embodiments described herein asing the AVS
measurement sensor, the presence of occlusions , bubbles and an empty or partially empty
reservoir may be determined quickly and accurately. Again, this provides for a more
acctrate deternination of the actual volume of tnsulin delivered and, also, an accurate
detection of an cnpty reservolr, an occlusion or 4 bubble, Thug, the AVS measurement
sensor provides for a more safe and accurate controlled loop system for the delivery of
medical fluid therapy. Further, determining the presence of an occlusion, bubblefs), or an
empty or partially empty reservoir may be highly beneficial to the user’s therapy and safety.

The precise derermination of the volume of insulin delivered also effects the
cahibration of the system. Thus, having a precise measurement, the system may more
accurately calibrate and thus, may determine unexpected results of integrity failure sooner,

Thus, various embodiments of the control loop include an actual volume and the
trajectory volume. Where a system includes an actual volume that is closest w the
trajectory volume, the estimate of plasma and ISG is closer fo true. This may lead to more
accurate msnlin sensitivity determinations and calculations and more accurate predictive
algorithnis,

While the principles of the invention have been described herein, it is 1o be understood
by those skilled in the art that this description is made only by way of example and notas a
limization as to the scope of the mvention. Other embodiments are contemplated within the
scope of the present invention in addition 1o the exemplary embodiments shown and described
herein. Modifications and substitutions by one of ordinary skill in the art are considered to be

within the scopa of the present invention.
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What is claimed is:

1. A system for at least partial closed-loop control of a medical condition, the

system comprising:

at least one medical fluid pump;

at least one continuous analyte monitor comprising an analyte sensor; and

a controller in communication with the medical fluid pump and the at lcast one
continuous analyte monitor, the controller comprising a processor,

wherein the at least one continuous analyte sensor sends electrical signals to
the processor in the controller and the processor in the controller correlates the electrical
signals to analyte values,

wherein the processor in the controller is configured to detect whether the at
least one continuous analyte sensor is providing unexpected information and, when detected,
prompts a user to inject a volume of an analyte having a predetermined concentration in close
proximity to the continuous analyte sensor for the analyte; and

wherein when the processor receives data from the electrical signals from the
at least one continuous analyte sensor following the injection of the volume of the analyte
having the predetermined concentration, the processor analyzes the data to determine whether
the at least one continuous analyte sensor has failed or is providing incorrect or inaccurate

information based on the analysis of the data.

2. The system of claim 1, wherein the determination whether the at least one
continuous analyte sensor has failed or is providing incorrect or inaccurate information is
based on a comparison of analyte values obtained following the injection of the volume of the
analyte with at least one analyte value obtained previous to the detection whether the at least
onc continuous analyte sensor is providing unexpected information, wherein the previously
obtained at least one analyte value was previously obtained from a volume of analyte having

the predetermined concentration.

3. The system of claim 1, wherein the determination whether the at least one
continuous analyte sensor has failed or is providing incorrect or inaccurate information is
based on a comparison of analyte values obtained following the injection of the volume of the

analyte with an average of a plurality of analyte values previous to the detection whether the
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at least one continuous analyte sensor is providing unexpected information, wherein the
previously obtained plurality of analyte values were previously obtained from volumes of

analyte having the predetermined concentration.

4, The system of claim 2 or 3, wherein the processor further analyzes the data to
determine a percentage difference between the analyte values obtained following the
injection of the volume of the analyte with the at least one analyte value or the average or the
plurality of analyte values and the processor adjust readings based on the percentage

difference.

5. The system of any one of claims 1 to 4, wherein when the at least one
continuous analyte sensor is determined to have failed or is providing incorrect or inaccurate
information, the processor sends an alert signal to the user to indicate that the sensor is

determined to have failed and/or to have provided incorrect or inaccurate information.

6. The system of claim 5, wherein the alert signal further includes an alarm, a

notification, or a system error message.

7. The system of any one of claims 1 to 6, wherein the at least one medical fluid

pump is an infusion pump.

8. The system of claim 7, wherein the infusion pump is an insulin pump.

9. The system of any one of claims 1 to 8, wherein the analyte is glucose.

10.  The system of any one of claims 1 to 9, wherein the at least one continuous

analyte sensor is at least one continuous glucose monitor.

11. A method for monitoring the integrity of an analyte sensor, the method
comprising:

receiving data from a continuous analyte sensor for an analyte in relation to a volume
of the analyte having a predetermined concentration that has been injected in close proximity

to the continuous analyst sensor; and
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analyzing the data to determine whether the analyte sensor is responsive to the

injected volume of analyte.

12.  The method of claim 11, wherein the analyte is glucose.

13.  The method of claims 11 or 12, wherein the analyte sensor is a continuous

glucose monitor.

14.  The method of claims 11 to 13, wherein analyzing the data to determine
whether the analyte sensor is responsive to the injected volume of analyte comprises
comparing the received data from the continuous analyte sensor with previously obtained
analyte values or an average of previously obtained analyte values, wherein the previously
obtained analyte values were obtained from volumes of analyte having the predetermined

concentration.
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