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ABSTRACT

A fluid infusion device includes a pump mechanism having a rotor and a stator. The rotor
includes a reference surface and a cam element rising from the reference surface. The stator
includes a cam element with a stator cam surface. The cam elements cooperate to axially
displace the rotor as it rotates. A drive motor is coupled to actuate the rotor to pump medication
fluid from a fluid cartridge module to a body, via a subcutaneous conduit. A sensor contact
element resides on the reference surface in an area unoccupied by the rotor cam element. A
sensing element terminates at the stator cam surface, and cooperates with a detection circuit to
detect when the stator cam surface contacts the sensor contact element. The circuit monitors a
detection signal obtained from the sensing element to determine an operating condition of the

pump mechanism.
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OCCLUSION DETECTION TECHNIQUES FOR A FLUID INFUSION DEVICE HAVING
A ROTARY PUMP MECHANISM

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This PCT application claims the benefit of, and claims priority to: United
States Patent Application Serial Number 14/746,624 filed June 22, 2015; United States
Patent Application Serial Number 14/746,634, filed June 22, 2015; United States Patent
Application Serial Number 14/746,641, filed June 22, 2015; United States Patent
Application Serial Number 14/746,648, filed June 22, 2015; and United States Patent
Application Serial Number 14/746,654, filed June 22, 2015.

TECHNICAL FIELD
[0002] Embodiments of the subject matter described herein relate generally to fluid
infusion devices of the type suitable for delivering a medication fluid to the body of a
patient. More particularly, embodiments of the subject matter presented herein relate to
techniques for detecting an occlusion in the fluid delivery path of a fluid infusion device
having a rotary pump mechanism. An exemplary medication (luid is insulin used in the

management of diabetes.

BACKGROUND
[0003] Certain diseases or conditions may be treated, according to modem medical
techniques, by delivering a medication fluid or other substance to the body of a patient,
cither in a continuous manner or at particular times or time intervals within an overall
time period. For example, diabetes is commonly treated by delivering defined amounts of
insulin to the patient at appropriate times. Some common modes of providing insulin
therapy to a patient include delivery of insulin through manually operated syringes and
insulin pens. Other modern systems employ programmable fluid infusion devices (e.g.,
msulin pumps) to deliver controlled amounts of insulin to a patient.
[0004] A fluid infusion device suitable for use as an insulin pump may be realized as
an external device or an implantable device, which is surgically implanted into the body
of the patient. External fluid infusion devices include devices designed for use in a

generally stationary location (for example, in a hospital or clinic bedside environment),
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and devices configured for ambulatory or portable use (to be carried or worn by a
patient). External fluid infusion devices may establish a fluid flow path from a fluid
reservoir or cartridge to the patient via, for example, a suitable hollow tubing, needle, or
other type of fluid conduit.

[0005] A fluid infusion device can be implemented with a rotary micropump
mechanism that accurately delivers a precise volume of fluid with each revolution or
cycle. The inlet of the micropump is connected to a fluid source such as a reservoir, and
the outlet of the micropump is connected to a fluid delivery conduit that leads to the body
of the patient. Under normal operating conditions, the micropump draws fluid from the
fluid source (via a vacuum or suction action) and then delivers a predictable volume of
fluid with each cycle.

[0006] It 1s desirable to reliably and accurately detect at least two conditions, for
purposes of alerting the user and/or to otherwise control the operation of the fluid infusion
device in a responsive manner. One of these “fault™ conditions is a downstream occlusion
in the fluid delivery path (e.g., a blockage downstream from the outlet of the micropump).
Another “tfault” condition 1s an upstream occlusion (e.g., a blockage located before the
inlet of the micropump). In this regard, an empty fluid reservoir can be considered to be
an upstream occlusion because continued operation of the micropump in the presence of
an emply reservoir does not result in the normally expected delivery of MTuid.

[0007] Accordingly, it is desirable to have a fluid infusion device and related
operating methodologies that effectively detect upstream and/or downstream occlusions
in the fluid delivery pathway associated with a rotary micropump. In addition, it is
desirable to provide an improved rotary micropump having certain features and
functionality that facilitate the detection of upstream and/or downstream occlusions in the

fluid delivery pathway.

BRIEF SUMMARY
|0008] Various upstream and downstream occlusion detection techniques and
methodologies are disclosed herein. The occlusion detection techniques and
methodologies can be implemented in a fluid infusion device that includes a rotary {luid

pump mechanism (having a rotor and a stator). Actuation of the fluid pump mechanism

Date regue / Date received 2021-11-25



draws fluid from a fluid reservoir during an intake stroke and expels the fluid during a
delivery stroke.

[0009] In accordance with certain embodiments, the fluid pump mechanism includes
a stator having a fluid chamber defined therein, and also having a stator cam element with
a stator cam surface. The fluid pump mechanism also includes a rotor having an endcap
with a reference surface, an axial extension section protruding from the endcap, wherein
at least a portion of the axial extension section fits inside the fluid chamber, and a rotor
cam element having a variable height rising from the reference surface. The rotor cam
element cooperates with the stator cam element to axially displace the rotor, relative to
the stator, as a function of angular position of the rotor. A sensor contact element resides
on the reference surface and is located in an area that is unoccupied by the rotor cam
element. A sensing element terminates at or near the stator cam surface. The sensing
element cooperates with a detection circuit to detect whether or not the stator cam surface
is in contact with the sensor contact element. The detection circuit monitors
characteristics of a detection signal obtained from the sensing element in response to
angular position of the rotor to determine an operating condition of the fluid pump
mechanism.

[0010] Also presented here is an exemplary embodiment of a fluid infusion device for
delivering a medication fuid to a body. The Muid infusion device includes a luid pump
mechanism that cooperates with a fluid cartridge module. The fluid pump mechanism has
arotor and a stator, wherein the rotor includes a reference surface and a rotor cam
element having a variable height rising from the reference surface. The stator includes a
stator cam element having a stator cam surface, wherein the rotor cam element cooperates
with the stator cam element to axially displace the rotor, relative to the stator, as a
function of angular position of the rotor. The fluid infusion device also includes a
subcutaneous conduit in fluid communication with an outlet valve of the fluid pump
mechanism, and a drive motor coupled to actuate the rotor of the fluid pump mechanism
to pump medication fluid from the fluid cartridge module to the body, via the
subcutaneous conduit. A sensor contact element is provided on the reference surface of
the rotor. The sensor contact element is located in an area that is unoccupied by the rotor
cam element. A sensing element terminates at or near the stator cam surface. The sensing
element cooperates with a detection circuit to detect whether or not the stator cam surface
is in contact with the sensor contact element. The detection circuit monitors

characteristics of a detection signal obtained from the sensing element in response to
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angular position of the rotor to determine an operating condition of the fluid pump
mechanism.

[0011] An exemplary embodiment of a fluid pump mechanism is also presented here.
The {Tuid pump mechanism includes: a stator; a rotor; an inlet valve that opens and closes
as a function of angular and axial position of the rotor; an outlet valve that opens and
closes as a function of angular and axial position of the rotor; a sensor contact element;
and a sensing element. The stator cam element has a stator cam surface, and the rotor
includes a reference surface and a rotor cam element having a variable height rising from
the reference surface. The rotor cam element cooperates with the stator cam element to
axially displace the rotor, relative to the stator, as a function of angular position of the
rotor. The sensor contact element resides on the reference surface in an area
corresponding to a valve state in which the inlet valve is closed and the outlet valve is
open. The sensing element terminates at or near the stator cam surface, and it cooperates
with a detection circuit to detect whether or not the stator cam surface is in contact with
the sensor contact element. The detection circuit monitors characteristics of a detection
signal obtained from the sensing element in response to angular position of the rotor to
determine an operating condition of the fluid pump mechanism.

[0012] Another exemplary embodiment of a fluid pump mechanism employs a force
sensor o detect occlusions in the (luid path. The Mluid pump mechanism includes a stator
with a stator cam element having a stator cam surface. The fluid pump mechanism also
includes a rotor with a reference surface and a rotor cam element having a variable height
rising from the reference surface. The rotor cam element cooperates with the stator cam
element to axially displace the rotor, relative to the stator, as a function of angular
position of the rotor. A biasing element provides a biasing force to urge the rotor cam
element toward the stator cam element and toward the reference surface. A force sensor is
coupled to the rotor. The force sensor generates output levels in response to force
imparted thereto, and the force sensor cooperates with a detection circuit that obtains and
processes the output levels to detect occlusions in a fluid path downstream of the fluid
pump mechanism.

[0013] An exemplary embodiment of a fluid infusion device includes a fluid pump
mechanism that cooperates with a fluid cartridge module. The fluid pump mechanism has
a rotor and a stator. The rotor includes a reference surface and a rotor cam element having
a variable height rising from the reference surface. The stator includes a stator cam

element having a stator cam surface, wherein the rotor cam element cooperates with the
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stator cam element to axially displace the rotor, relative to the stator, as a function of
angular position of the rotor. A biasing element provides a biasing force to urge the rotor
cam element toward the stator cam element and toward the reference surface. The fluid
infusion device also includes a subcutaneous conduit in fluid communication with an
outlet valve of the fluid pump mechanism, and a drive motor coupled to actuate the rotor
of the fluid pump mechanism to pump medication fluid from the fluid cartridge module to
the body, via the subcutaneous conduit. A force sensor is coupled to the rotor to generate
output levels in response to force imparted thereto. The force sensor cooperates with a
detection circuit that obtains and processes the output levels to detect occlusions in a fluid
path downstream of the fluid pump mechanism.

[0014] An exemplary embodiment of a fluid infusion device includes a stator with a
stator cam element having a stator cam surface, and a rotor with a reference surface and a
rotor cam element having a variable height rising from the reference surface. The rotor
cam element cooperates with the stator cam element to axially displace the rotor, relative
to the stator, as a function of angular position of the rotor. A biasing element provides a
biasing force to urge the rotor cam element toward the stator cam element and toward the
reference surface. The fluid infusion device also includes an inlet valve that opens and
closes as a function of angular and axial position of the rotor, and an outlet valve that
opens and closes as a [unction of angular and axial position of the rotor. A [orce sensor is
coupled to the rotor to generate output levels in response to force imparted thereto. A
detection circuit cooperates with the force sensor to obtain and process the output levels
of the force sensor to detect occlusions in a fluid path downstream of the fluid pump
mechanism.

[0015] In accordance with other exemplary embodiments, a fluid pump mechanism
includes a stator with a stator cam element having a stator cam surface, and a rotor with
an optically detectable feature, a reference surface, and a rotor cam element having a
variable height rising from the reference surface. The rotor cam element cooperates with
the stator cam element to axially displace the rotor, relative to the stator, as a function of
angular position of the rotor. The optically detectable feature rotates and axially translates
as a function of angular position of the rotor. An optical detection circuit interrogates the
optically detectable feature during operation of the fluid pump mechanism to determine
an operating condition of the fluid pump mechanism.

[0016] An exemplary embodiment of a fluid infusion device includes a fluid pump

mechanism that cooperates with a fluid cartridge module. The fluid pump mechanism
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includes a rotor and a stator, wherein the rotor has an optically detectable feature, a
reference surface, and a rotor cam element having a variable height rising from the
reference surface. The stator includes a stator cam element having a stator cam surface,
such that the rotor cam element cooperates with the stator cam element to axially displace
the rotor, relative to the stator, as a function of angular position of the rotor. The optically
detectable feature rotates and axially translates as a function of angular position of the
rotor, and a biasing element provides a biasing force to urge the rotor cam element toward
the stator cam element and toward the reference surface. The fluid infusion device also
includes: a subcutaneous conduit in fluid communication with an outlet valve of the fluid
pump mechanism; a drive motor coupled to actuate the rotor of the fluid pump
mechanism to pump medication fluid from the fluid cartridge module to the body, via the
subcutaneous conduit; and an optical detection circuit to interrogate the optically
detectable feature during operation of the fluid pump mechanism to determine an
operating condition of the fluid pump mechanism.

[0017] An exemplary embodiment of a fluid infusion device includes a stator with a
stator cam element having a stator cam surface, and includes a rotor with an optically
detectable feature, a reference surface, and a rotor cam element having a variable height
rising from the reference surface. The rotor cam element cooperates with the stator cam
element Lo axially displace the rotor, relative to the stator, as a [unction of angular
position of the rotor. An inlet valve opens and closes as a function of angular and axial
position of the rotor, and an outlet valve opens and closes as a function of angular and
axial position of the rotor. An optical detection circuit cooperates with the optically
detectable feature, wherein the optical detection circuit interrogates the optically
detectable feature to determine an operating condition of the fluid infusion device.

[0018] In accordance with certain exemplary embodiments, a fluid pump mechanism
includes a stator with a stator cam element having a stator cam surface, and a rotor with a
reference surface and a rotor cam element having a variable height rising from the
reference surface. The rotor cam element cooperates with the stator cam element to
axially displace the rotor, relative to the stator, as a function of angular position of the
rotor. A biasing element provides a biasing force to urge the rotor cam element toward the
stator cam element and toward the reference surface. A detection circuit processes axial
and angular position data of the rotor, and determines that an upstream occlusion has

occurred based on detectable characteristics of the axial and angular position data.
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[0019] An exemplary embodiment of a fluid infusion device includes: a fluid pump
mechanism; a biasing element; a subcutaneous conduit; a drive motor; and a detection
circuit. The fluid pump mechanism cooperates with a fluid cartridge module, and the fluid
pump mechanism includes a rotor and a stator. The rotor includes a reference surface and
arotor cam element having a variable height rising from the reference surface, and the
stator includes a stator cam element having a stator cam surface. The rotor cam element
cooperates with the stator cam element to axially displace the rotor, relative to the stator,
as a function of angular position of the rotor. The biasing element provides a biasing force
to urge the rotor cam element toward the stator cam element and toward the reference
surface. The subcutaneous conduit is in fluid communication with an outlet valve of the
fluid pump mechanism. The drive motor is coupled to actuate the rotor of the fluid pump
mechanism to pump medication fluid from the fluid cartridge module to the body, via the
subcutaneous conduit. The detection circuit processes axial and angular position data of
the rotor, and determines that an upstream occlusion has occurred based on detectable
characteristics of the axial and angular position data.

[0020] An exemplary embodiment of a fluid infusion device includes a stator with a
stator cam element having a stator cam surface, and a rotor with a reference surface and a
rotor cam element having a variable height rising from the reference surface. The rotor
cam element cooperaltes with the stalor cam element to axially displace the rotor, relative
to the stator, as a function of angular position of the rotor. A biasing element provides a
biasing force to urge the rotor cam element toward the stator cam element and toward the
reference surface. An axial position sensor obtains axial position data of the rotor, and an
angular position sensor obtains angular position data of the rotor. A detection circuit
obtains and processes the axial position data and the angular position data, wherein the
detection circuit determines that an upstream occlusion has occurred based on processing
of the axial position data and the angular position data.

[0021] In accordance with other exemplary embodiments, a fluid pump mechanism
includes a stator with a stator cam element having a stator cam surface, and a rotor with a
reference surface and a rotor cam element having a variable height rising from the
reference surface. The rotor cam element cooperates with the stator cam element to
axially displace the rotor, relative to the stator, as a function of angular position of the
rotor. The fluid pump mechanism also includes an inlet valve that opens and closes as a
{unction of angular and axial position of the rotor relative to the stator, and an outlet valve

that opens and closes as a function of angular and axial position of the rotor relative to the
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stator. A biasing element provides a biasing force to urge the rotor toward the stator. A
first sensor contact element resides on the rotor and is located at an angular position that
follows an upper edge of the rotor cam element. A second sensor contact element resides
on the rotor and is located at an angular position that follows the first sensor contact
element. A sensing element resides on the stator, wherein the sensing element cooperates
with a detection circuit to detect when the sensing element makes contact with the first
sensor contact element and the second sensor contact element. The the detection circuit
monitors characteristics of a detection signal obtained from the sensing element in
response to angular position of the rotor to determine an operating condition of the fluid
pump mechanism.

[0022] An exemplary embodiment of a fluid infusion device includes a fluid pump
mechanism that cooperates with a fluid cartridge module. The fluid pump mechanism
includes a rotor and a stator; the rotor has a reference surface and a rotor cam element
having a variable height rising from the reference surface. The stator includes a stator
cam element having a stator cam surface, wherein the rotor cam element cooperates with
the stator cam element to axially displace the rotor, relative to the stator, as a function of
angular position of the rotor. An inlet valve opens and closes as a function of angular and
axial position of the rotor relative to the stator, and an outlet valve opens and closes as a
function of angular and axial position of the rotor relative (o the stator. A biasing element
provides a biasing force to urge the rotor toward the stator. A subcutancous conduit is in
fluid communication with the outlet valve, and drive motor is coupled to actuate the rotor
of the fluid pump mechanism to pump medication fluid from the fluid cartridge module to
the body, via the subcutaneous conduit. A first sensor contact element resides on the rotor
and is located at an angular position that follows an upper edge of the rotor cam element.
A second sensor contact element resides on the rotor and is located at an angular position
that follows the first sensor contact element. A sensing element resides on the stator, and
it cooperates with a detection circuit to detect when the sensing element makes contact
with the first sensor contact element and the second sensor contact element. The detection
circuit monitors characteristics of a detection signal obtained from the sensing element in
response to angular position of the rotor to determine an operating condition of the fluid
pump mechanism.

[0023] An exemplary embodiment of a fluid pump mechanism includes a stator with
a stator cam element having a stator cam surface. The fluid pump mechanism also

includes a rotor having: an endcap with a rim; a reference surface located inside the
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endcap; and a rotor cam element located inside the endcap and having a variable height
rising from the reference surface. The rotor cam element cooperates with the stator cam
element to axially displace the rotor, relative to the stator, as a function of angular
position of the rotor. A first sensor contact element resides on the rim of the endcap, and
is located at an angular position that follows an upper edge of the rotor cam element. A
second sensor contact element resides on the rim of the endcap, and is located at an
angular position that follows the first sensor contact element. A biasing element provides
a biasing force to urge the rotor toward the stator. The fluid pump mechanism also
includes: an inlet valve that opens and closes as a function of angular and axial position of
the rotor relative to the stator; an outlet valve that opens and closes as a function of
angular and axial position of the rotor relative to the stator; and a sensing element that
cooperates with a detection circuit to detect when the sensing element makes contact with
the first sensor contact element and the second sensor contact element. The detection
circuit monitors characteristics of a detection signal obtained from the sensing element to
determine an operating condition of the luid pump mechanism.

[0024] A further embodiment also provides a pump for medication fluid. The pump
includes a stator, a rotationally drivable rotor disposed in the stator and axially movable
between a retracted position and an extended position, a cam arrangement disposed
between the rotor and the stator to apply a [orce lo urge the rotor towards the extended
position during a first part of the rotation of the rotor then remove the force on further
rotation in each of repeated pump cycles, and a biasing element positioned to urge the
rotor back towards the retracted position. The pump also includes valving responsive to
the angular position of the rotor including an inlet valve configured to open during a first
arc of rotation for which the cam arrangement applies the force to the rotor and an outlet
valve configured to open for a second arc of rotation after the force has been removed.
The pump also includes an occlusion detector having an electrical contact on one of the
rotor and stator and a conductive pad on the other of the rotor and stator. The contact and
conductive pad are axially and rotationally positioned to make contact if the rotor reaches
the retracted position by the end of the second arc of rotation, the occlusion detector being
configured to register an occlusion if such contact is not made.

[0025] Another exemplary embodiment of a pump for medication fluid is also
provided. The pump includes a stator, a rotationally drivable rotor disposed in the stator
and axially movable between a retracted position and an extended position, a cam

arrangement disposed between the rotor and the stator to apply a force to urge the rotor
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towards the extended position during a first part of the rotation of the rotor then remove
the force on further rotation in each of repeated pump cycles, and a biasing element
positioned to urge the rotor back towards the retracted position. The pump also includes
valving responsive to the angular position of the rotor including an inlet valve configured
to open during a first arc of rotation for which the cam arrangement applies the force to
the rotor, and an outlet valve configured to open for a second arc of rotation after the
force has been removed. The pump also includes an occlusion detector, wherein the
valving is further configured to hold the outlet valve closed for a third arc of rotation
between the first and second arcs, and the occlusion detector is configured to sense
whether the rotor reaches the retracted position during the third arc of rotation and
registers an occlusion if it does.

[0026] Another embodiment of a pump for medication fluid is also provided. The
pump includes a stator, a rotationally drivable rotor disposed in the stator and axially
movable between a retracted position and an extended position, a cam arrangement
disposed between the rotor and the stator to apply a force to urge the rotor towards the
extended position during a first part of the rotation of the rotor then remove the force on
further rotation in each of repeated pump cycles, and a biasing element positioned to urge
the rotor back towards the retracted position. The pump includes valving responsive to the
angular position of the rotor including an inlet valve configured to open during a first arc
of rotation for which the cam arrangement applies the force to the rotor, and an outlet
valve configured to open for a second arc of rotation after the force has been removed.
The pump also includes an occlusion detector having a force sensor and nub disposed
between the rotor and stator and positioned to touch to sense when the rotor is in the
retracted position by the end of the second arc of rotation. The occlusion detector is
configured to register an occlusion if the force sensor does not sense the touch within a
pump cycle.

[0027] Another exemplary embodiment of a pump for medication fluid is also
provided. The pump has a stator, a rotationally drivable rotor disposed in the stator and
axially movable between a retracted position and an extended position, a cam
arrangement disposed between the rotor and the stator to apply a force to urge the rotor
towards the extended position during a first part of the rotation of the rotor then remove
the force on further rotation in each of repeated pump cycles, and a biasing element
positioned to urge the rotor back towards the retracted position. The pump includes

valving responsive to the angular position of the rotor including an inlet valve configured
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to open during a first arc of rotation for which the cam arrangement applies the force to
the rotor, and an outlet valve configured to open for a second arc of rotation after the
force has been removed. An occlusion detector includes an optical detector and indicia
disposed between the rotor and stator and positioned to sense whether the rotor is in the
retracted position by the end of the second arc of rotation, the occlusion detector being
configured to register an occlusion if the optical sensor does not sense that the rotor is in
the retracted position at that angular position.

[0028] Another embodiment of a pump for medication fluid is provided. The pump
includes a stator, a rotationally drivable rotor disposed in the stator and axially movable
between a retracted position and an extended position, a cam arrangement disposed
between the rotor and the stator to apply a force to urge the rotor towards the extended
position during a first part of the rotation of the rotor then remove the force on further
rotation in each of repeated pump cycles, and a biasing element positioned to urge the
rotor back towards the retracted position. The pump also includes valving responsive to
the angular position of the rotor including an inlet valve configured to open during a first
arc of rotation for which the cam arrangement applies the force to the rotor, and an outlet
valve configured to open for a second arc of rotation after the force has been removed.
The pump has an occlusion detector configured to measure one or more kinematic
quantities of the rotor in the axial direction at each of one or more respective rolational
angles, and to comparing the measured kinematic quantities with reference kinematic
quantities representing normal operation, and registering normal operation if the
measured quantities are within a threshold range of the reference quantities.

[0029] Also presented herein is an exemplary embodiment of an infusion system
including a pump according to any of the preceding embodiments, a reservoir for the
medication fluid and a catheter connected to the pump to conduct the medication to the
user.

[0030] Also presented herein is an exemplary embodiment of a method of detecting
occlusion in a pump for medication fluid of the type having a rotationally drivable rotor
disposed in a stator and axially movable between a retracted position and an extended
position, having a cam arrangement disposed between the rotor and the stator to apply a
force in each of repeated pump cycles to urge the rotor towards the extended position
during a first part of the rotation of the rotor then remove the force on further rotation,
there being a biasing element positioned 1o urge the rotor back towards the retracted

position, and having valving responsive to the angular position of the rotor including an
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inlet valve configured to open during a first arc of rotation for which the cam arrangement
applies the force to the rotor and an outlet valve configured to open for a second arc of
rotation after the force has been removed. The method involves one or both of: (1)
sensing whether the rotor reaches the retracted position by the end of the second arc of
rotation and registering an occlusion if it does not; (2) holding the outlet valve closed for
a third arc of rotation between the first and second arcs, and sensing whether the rotor
reaches the retracted position during the third arc of rotation and registering an occlusion
if it does.

[0031] Also presented herein is another embodiment of a method of detecting
occlusion in a pump for medication fluid of the type having a rotationally drivable rotor
disposed in a stator and axially movable between a retracted position and an extended
position, having a cam arrangement disposed between the rotor and the stator to apply a
force in each of repeated pump cycles to urge the rotor towards the extended position
during a first part of the angular rotation of the rotor then remove the force on further
rotation, there being a biasing element positioned to urge the rotor back towards the
retracted position, and having valving responsive to the angular position of the rotor
including an inlet valve configured to open during a first arc of rotation for which the cam
arrangement applies the force to the rotor and an outlet valve configured to open for a
second arc of rotation afller the force has been removed. The method involves measuring
one or more kinematic quantities of the rotor in the axial direction at each of one or more
respective rotational angles, and comparing the measured kinematic quantities with
reference kinematic quantities representing normal operation at the respective rotational
angles, and registering normal operation if the measured quantities are within a threshold
range of the reference quantities.

[0032] This summary is provided to introduce a selection of concepts in a simplified
form that are further described below in the detailed description. This summary is not
intended to identify key features or essential features of the claimed subject matter, nor is

it intended to be used as an aid in determining the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS
[0033] (intentionally left blank)
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[0034] FIG. 1 is atop perspective view of an embodiment of a fluid infusion device
implemented as a patch pump device;

[0035] FIG. 2 is aperspective view that depicts the insertion of the removable fluid
cartridge module into the fluid infusion device;

[0036] FIG. 3 is aperspective view that shows certain internal components of the
fluid infusion device;

[0037] FIG. 4 is a block diagram representation of the system architecture of a fluid
infusion device according to certain embodiments;

[0038] FIGS. 5-8 are diagrams that depict a fluid pump mechanism in various stages
during one pump cycle;

[0039] FIG. 9 is an exploded perspective view of a stator and a rotor of an exemplary
embodiment of a fluid pump mechanism;

[0040] F1G. 10 is a perspective view of an exemplary embodiment of a stator of a
fluid pump mechanism;

[0041] FIG. 11 is a perspective view of an exemplary embodiment of a rotor of a fluid
pump mechanism;

[0042] FIGS. 12-14 are diagrams that depict the cooperation between a stator cam
element and a rotor cam element of a fluid pump mechanism;

[0043] FIG. 15 is a graph that includes a plot of rotor axial position versus rolor
angular position;

[0044] FIG. 16 is a graph that includes a plot of rotor axial position versus rotor
angular position for a downstream occlusion condition;

[0045] FIG. 17 1s an end view of an exemplary embodiment of a rotor of a fluid pump
mechanism;

[0046] FIG. 18 is an end view of an exemplary embodiment of a stator of a fluid
pump mechanism;

[0047] FIG. 19 1s a diagram that depicts the stator shown in FIG. 18 cooperating with
a detection circuit;

[0048] FIG. 20 is a schematic block diagram that illustrates an exemplary
embodiment of an occlusion detection system suitable for use with a fluid infusion
device;

[0049] FIG. 21 is a simplified diagram of an exemplary embodiment of an optical or

acoustic based occlusion detection system suitable for use with a fluid infusion device;
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[0050] FIG. 22 is a simplified diagram of an exemplary embodiment of an occlusion
detection system that utilizes position sensing techniques;

[0051] FIG. 23 is a simplified perspective view of an exemplary embodiment of a
rotor of a fluid pump mechanism;

[0052] FIG. 24 is a simplified diagram of an exemplary embodiment of an occlusion
detection system that utilizes a potentiometer as a sensing element;

[0053] FIG. 25 is a simplified diagram of an exemplary embodiment of an occlusion
detection system that utilizes an electrical contact as a digital switch;

[0054] FIG. 26 is a simplified end view of a stator having an electrically conductive
rm;

[0055] FIG. 27 is a simplified diagram of an exemplary embodiment of an occlusion
detection system that cooperates with the stator shown in FIG. 26;

[0056] F1G. 28 1s a simplified diagram of an exemplary embodiment of an occlusion
detection system that utilizes a force sensor;

[0057] FIG. 29 is a simplified diagram of an exemplary embodiment of an occlusion
detection system that utilizes optical sensing technology;

[0058] FIG. 30 is a simplified perspective view of an exemplary embodiment of a
rotor having physical features that cooperate with an optical detection circuit;

[0059] FIG. 31 is a side view of a section of the rotor shown in FIG. 30;

[0060] FIG. 32 is a simplified diagram of an exemplary embodiment of an end of
reservoir detection system interrogating a fluid reservoir;

[0061] FIG. 33 is a simplified diagram of the end of reservoir detection system
detecting an empty reservoir condition;

[0062] FIG. 34 is a simplified diagram of an exemplary embodiment of an end of
reservoir detection system that implements a mechanical switch concept;

[0063] FIG. 35 is a simplified diagram of an exemplary embodiment of an end of
reservoir detection system that utilizes a conductive fluid reservoir stopper (or a
conductive element of a stopper);

[0064] FIG. 36 is a simplified diagram of an exemplary embodiment of an end of
reservoir detection system that applies an excitation signal to a fluid reservoir;

|0065] FIG. 37 1s a simplified diagram of an exemplary embodiment of an end of
reservoir detection system that uses a force sensor to determine the position of a stopper

of a fluid reservoir;
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[0066] FIG. 38 is a simplified diagram of an exemplary embodiment of an end of
reservoir detection system that uses a pressure sensor to determine the position of a
stopper of a fluid reservoir;

[0067] FIG. 39 is a simplified diagram of an exemplary embodiment of an end of
reservolr detection system that measures an inductance to determine the position of a
stopper of a fluid reservoir;

[0068] FIG. 40 is a simplified diagram of an exemplary embodiment of an end of
reservoir detection system that measures a capacitance to determine the position of a
stopper of a fluid reservoir;

[0069] FIG. 41 is a schematic block diagram of an exemplary embodiment of an end
of reservoir detection system that measures axial velocity of a rotor of a fluid pump
mechanism;

[0070] F1G. 42 is a graph that includes a plot of rotor axial position versus rotor
angular position for an upstream occlusion condition;

[0071] FIG. 43 is a graph that includes plots of rotor axial position versus rotor
angular position for various operating conditions of a fluid pump mechanism,

[0072] FIG. 44 1s a perspective view of an exemplary embodiment of a rotor of a fluid
pump mechanism;

[0073] FIG 45 is a perspective end view of another exemplary embodiment of a rolor
of a fluid pump mechanism; and

[0074] FIG. 46 is a side view that depicts the rotor of FIG. 45 cooperating with a

stator.

DETAILED DESCRIPTION
[0075] The following detailed description is merely illustrative in nature and is not
intended to limit the embodiments of the subject matter or the application and uses of
such embodiments. As used herein, the word “exemplary” means “serving as an example,
instance, or illustration.” Any implementation described herein as exemplary is not
necessarily to be construed as preferred or advantageous over other implementations.
Furthermore, there is no intention to be bound by any expressed or implied theory
presented in the preceding technical field, background, brief summary or the following
detailed description.
[0076] Certain terminology may be used in the following description for the purpose

of reference only, and thus are not intended to be limiting. For example, terms such as
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“upper”, “lower”, “above”, and “below” could be used to refer to directions in the
drawings to which reference is made. Terms such as “front”, “back™, “rear”, “side”,
“outboard”, and “inboard” could be used to describe the orientation and/or location of
portions of the component within a consistent but arbitrary frame of reference which is
made clear by reference to the text and the associated drawings describing the component
under discussion. Such terminology may include the words specifically mentioned above,
derivatives thereof, and words of similar import. Similarly, the terms “first”, “second”,
and other such numerical terms referring to structures do not imply a sequence or order
unless clearly indicated by the context.

[0077] The following description relates to a fluid infusion device of the type used to
treat a medical condition of a patient. The infusion device is used for infusing fluid (such
as a medication) into the body of a user. The non-limiting examples described below
relate to a medical device used to treat diabetes (more specifically, an insulin infusion
device), although embodiments of the disclosed subject matter are not so limited.
Accordingly, the infused medication {luid is insulin in certain embodiments. In alternative
embodiments, however, many other fluids may be administered through infusion such as,
but not limited to, disease treatments, drugs to treat pulmonary hypertension, iron
chelation drugs, pain medications, anti-cancer treatments, medications, vitamins,
hormones, or the like For the sake of brevily, conventional leatures and characteristics
related to infusion system operation, insulin pump operation, fluid reservoirs, and fluid
conduits such as soft cannulas may not be described in detail here.

[0078] General Overview And System Architecture

[0079]  FIG. 1 is atop perspective view of an embodiment of a fluid infusion device
100 implemented as a patch pump device, FIG. 2 is a perspective view that depicts the
insertion of a removable fluid cartridge module 104 into the fluid infusion device 100,
and FIG. 3 is a perspective view that shows certain internal components of the fluid
infusion device 100. The removable fluid cartridge module 104 is designed and
configured for compatibility with the fluid infusion device 100, and FIG. 1 shows the
fluid cartridge module 104 installed and secured within the fluid infusion device 100. The
figures depict one possible configuration and form factor of the fluid infusion device 100.
1t should be appreciated that other designs and configurations can be utilized if so desired,
and that the particular design aspects shown in the figures are not intended to limit or

otherwise restrict the scope or application of the embodiments described herein.
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[0080] The fluid infusion device 100 includes a housing 106 that serves as a shell for
a variety of internal components. The housing 106 is suitably configured to receive,
secure, and release the removable fluid cartridge module 104. In this regard, the fluid
cartridge module 104 can be received in a suitably shaped, sized, and configured cavity
that is designed in accordance with certain physical characteristics of the fluid cartridge
module 104. For example, the housing 106 can include structural features that mate with
or otherwise engage structural features of the fluid cartridge module 104. The illustrated
embodiment of the removable fluid cartridge module 104 includes a retention mechanism
110 that secures the fluid cartridge module 104 in the properly installed and seated
position within the fluid infusion device 100. The retention mechanism 110 locks the
{luid cartridge module 104 in place within the cavity 108 to maintain the necessary
physical and fluid connections between the fluid cartridge module 104 and the fluid
infusion device 100. The retention mechanism 110 can be physically manipulated to
release the fluid cartridge module 104 from the housing 106 as needed (e.g., to replace
one cartridge module with a different cartridge module, to remove the cartridge module
when replacing an old fluid infusion device with a new fluid infusion device, or the like).
In practice, the retention mechanism 110 can be realized as a latching feature, a locking
feature, a tab, or the like.

[0081] The Nuid infusion device 100 includes at least one user interface [eature,
which can be actuated by the patient as needed. The illustrated embodiment of the fluid
infusion device 100 includes a button 112 that is physically actuated. The button 112 can
be a multipurpose user interface if so desired to make it easier for the user to operate the
fluid infusion device 100. In this regard, the button 112 can be used in connection with
one or more of the following functions, without limitation: waking up the processor
and/or electronics of the fluid infusion device 100; triggering an insertion mechanism for
actuating a transcutaneous conduit assembly (e.g., inserting a cannula into the
subcutaneous space, or similar region of the patient); configuring one or more settings of
the fluid infusion device 100; initiating delivery of medication fluid; initiating a fluid
priming operation; disabling alerts or alarms generated by the fluid infusion device 100;
and the like. In lieu of the button 112, the fluid infusion device 100 can employ a slider
mechanism, a pin, a lever, or the like.

[0082] The fluid infusion device 100 includes an adhesive element or adhesive
material (hidden from view in FIG. 1 and FIG. 2) that can be used to affix the housing

106 to the body of the patient. The adhesive element can be located on the bottom surface
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of the housing 106 such that the housing 106 can be temporarily adhered to the skin of the
patient. The adhesive element may be, for example, a piece of double sided adhesive tape
that is cut into the desired shape and size. The fluid infusion device 100 is manufactured
with an adhesive liner overlying the adhesive element; the adhesive liner is peeled away
to expose the sticky surface of the adhesive element 114. The adhesive element is chosen
to be strong enough to maintain the fluid infusion device 100 in place for the desired
period of time (which is typically between one to seven days) and strong enough to
withstand typical use cases (e.g., showering, rainy days, physical exercise, etc.), while
also being easy to remove without discomfort.

[0083] Setup and operation of the fluid infusion device 100 is simple and
straightforward for the patient. In this regard, the particular procedure for setup and
initiation may vary from one embodiment to another, depending on the specific
configuration, design, form factor, and/or optional settings of the fluid infusion device
100. In accordance with one high level method of operation, the fluid infusion device 100
is deployed in the following manner: (1) insert the {luid cartridge module 104 into the
housing 106; (2) remove the adhesive liner; (3) affix the housing 106 to the body; and (4)
insert the fluid delivery cannula into the body by pressing a button, pulling a tab,
removing a safety pin, or otherwise activating an insertion mechanism to release a
preloaded spring or equivalent actuation component. Thereafler, the Tuid infusion device
can be prepared for the delivery of the medication fluid as needed.

[0084] In accordance with an alternative method of operation, the fluid cartridge
module 104 is installed after the housing 106 is affixed to the body. In accordance with
this option, the action of installing the fluid cartridge module 104 into the housing 106
engages or moves a mechanical, electrical, magnetic, or other type of interface, which in
turn releases a preloaded spring or equivalent actuation component to insert the fluid
delivery cannula into the body. Once the spring is released upon the first cartridge
insertion, the fluid infusion device 100 is put into a different state such that subsequent
installations of a fluid cartridge module will not trigger the insertion mechanism again.
[0085] In certain embodiments, the fluid infusion device 100 is realized as a
single-piece disposable component that is designed for continuous use over a designated
period of time, such as three days. Although not always required, the fluid infusion device
100 can be designed to accommodate prefilled fluid cartridge modules 104, which may be
provided by third party manufacturers in “off the shelf” volumes (e.g., 1.0 mL, 1.5 mL,
2.0 mL, or 3.0 mL of medication fluid). It should be appreciated that the fluid infusion
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device 100 can also be suitably configured and designed to accommodate user-filled fluid
cartridge modules 104. Referring to FIG. 2, each removable fluid cartridge module 104
can be realized as a single-use disposable reservoir that is not designed or intended to be
refilled. The illustrated embodiment of the fluid reservoir cartridge module 104 includes a
glass or plastic reservoir 116 that is held in a carrier 118 or housing to facilitate insertion
and removal of the reservoir 116.

[0086] As mentioned above, the housing 106 of the fluid infusion device 100 receives
the removable fluid cartridge module 104 containing the desired medication fluid. The
housing 106 also serves to contain the variety of components and elements that cooperate
to support the functionality of the fluid infusion device 100. These internal components
and elements can include, without limitation: a printed circuit board; a vibration motor or
other haptic feedback element; a battery or other energy source; a fluid pump mechanism;
a drive motor coupled to actuate the fluid pump mechanism (or other devices,
components, or means to actuate the fluid pump mechanism, such as a solenoid, a nickel-
titanium memory wire, or the like); an insertion mechanism for actuating a transcutaneous
conduit assembly; sensors that interact with the drive motor, the fluid pump mechanism,
and/or the button 112; an outlet fluid conduit; and an inlet conduit assembly. Of course,
an embodiment of the fluid infusion device 100 may include additional features,
components, devices, and elements that are not depicled in the (igures or described in
detail here.

[0087] The printed circuit board includes various electronic components, devices, and
connections that cooperate to support the functions of the fluid infusion device 100. These
components are enclosed within the housing 106 for protection, water resistance, and the
like. The printed circuit board 130 may include or cooperate with any of the following,
without limitation: switches; adjustment or trim elements such as a potentiometer; a
processor device; memory; or the like. The vibration motor can be used to generate
confirmation or alert signals as needed. Alternatively or additionally, the fluid infusion
device 100 can include an audio transducer, an indicator light, a display element, or other
components to provide feedback to the user. The battery can be asingle use element that
can be discarded with the fluid infusion device The battery provides the required voltage
and current to operate the fluid infusion device 100.

[0088] FIG. 3 depicts an embodiment of the fluid pump mechanism 136, which is
{luidly coupled to the removable fluid cartridge module 104 during operation of the fluid

infusion device 100. The fluid pump mechanism 136 can be realized as a rotationally
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actuated micro pump that delivers a calibrated amount of medication fluid with each
delivery cycle. In this regard, the fluid pump mechanism 136 includes a stator and a rotor;
the rotor is actuated in a controlled manner by a drive motor 138. As described in more
detail below, the fluid pump mechanism 136 functions by translaling rotational movement
of the rotor into axial displacement of the rotor relative to the stator. In turn, the
translational movement results in the opening and closing of a series of valves that are
internal to the fluid pump mechanism 136 for purposes of drawing in the medication fluid
from the fluid cartridge module 104. A biasing force (e.g., a spring force) forces the rotor
toward the stator, which expels the fluid through the outlet of the fluid pump mechanism
136. In certain embodiments, the fluid pump mechanism 136 leverages the pump
technology offered by Sensile Medical, although other types of pump technologies can
also be utilized.

[0089] In accordance with certain embodiments, the biasing force that urges the rotor
into the stator is provided by a molded plastic part that serves as both the spring element
and a coupling component (to mechanically couple the drive motor 138 to the rotor). This
spring coupler 164 is shown in FIG. 3. The spring coupler 164 eliminates the need for a
separate coupling element, which reduces parts count, reduces product cost, and
simplifies manufacturing and assembly of the fluid infusion device 100. The spring
coupler 164 can be a physically distinct component that is mechanically attached between
the drive motor 138 and the rotor of the fluid pump mechanism 136. In alternative
embodiments, the spring coupler 164 can be integrally fabricated with the rotor.

[0090] The drive motor 138 can be a direct current (DC) motor, a brushless DC
motor, a stepper motor, or the like. It should be appreciated that other drive
methodologies could be used instead of the drive motor 138, such as a nickel titanium
memory wire and a ratcheting mechanism to create rotational motion to drive the fluid
pump mechanism 136,

[0091] Thus, a full rotation of the rotor results in the delivery of a known amount of
medication fluid. After the fluid flow path of the fluid infusion device 100 has been
primed, each rotation of the rotor draws a measured volume of medication fluid from the
fluid cartridge module 104 and expels the same amount of medication fluid from the
cannula situated in the patient.

[0092] With continued reference to FIG. 3, an inlet conduit assembly 144 includes
structure that is compatible with the removable fluid cartridge module 104. For example,

the inlet conduit assembly 144 includes a fluid conduit 150 that terminates at a hollow
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reservoir needle (hidden from view because it extends into the fluid cartridge module
104). The hollow reservoir needle enters the reservoir of the fluid cartridge module 104
(via a septum) when the fluid cartridge module 104 is installed in the fluid infusion
device 100. The fluid infusion device 100 also includes a sealing element 154, which may
be coupled to the inlet conduit assembly 144 (alternatively, the sealing element 154 can
be an integral part of the inlet conduit assembly 144). The sealing element 154 can be a
compressible and resilient component that creates a fluid seal for the inlet conduit
assembly 144 when the fluid cartridge module 104 is removed from the housing 106 of
the fluid infusion device 100. More specifically, the sealing element 154 is compressed
when the fluid cartridge module 104 is installed, thus exposing the hollow reservoir
needle. The sealing element 154 extends to cover the end of the hollow reservoir needle
when the fluid cartridge module 104 is removed, which inhibits the ingress of
contaminants, fluid, and air into the inlet conduit assembly 144, and which inhibits
leakage of medication fluid from the fluid flow path of the fluid infusion device 100.
[0093] Moreover, the inlet conduit assembly 144 is in fluid communication with a
fluid inlet 156 of the fluid pump mechanism 136. The fluid inlet 156 accommodates and
receives an end of the fluid conduit 150, as shown in FIG. 3. This arrangement allows the
fluid pump mechanism 136 to draw the medication fluid in from the fluid cartridge
module 104, via the inlet conduit assembly 144 The fluid pump mechanism 136 expels
the medication fluid from a fluid outlet 158, which is in fluid communication with the
outlet fluid conduit 142. FIG. 3 depicts only a portion of the outlet fluid conduit 142. In
certain embodiments, the outlet fluid conduit 142 may be realized as part of a
transcutaneous conduit assembly of the fluid infusion device 100, wherein the
transcutaneous conduit assembly also includes a subcutaneous conduit (e.g., a soft
cannula) that is inserted and positioned within the body of the patient.

[0094] The transcutaneous conduit assembly is in fluid communication with the fluid
outlet 158 of the fluid pump mechanism 136. More specifically, in accordance with the
illustrated embodiment, the outlet fluid conduit 142 is implemented as a flexible hollow
needle having its proximal end fluidly coupled to the fluid outlet 158. The distal end of
the flexible hollow needle is sharp to accommodate the insertion of the subcutaneous
conduit into the body of the patient during an insertion operation. The distal end of the
flexible hollow needle is not shown in FIG. 3. The proximal end of the subcutaneous
conduit is fluidly coupled to the flexible hollow needle such that at least a portion of the

needle is initially inside the subcutaneous conduit (i.e., the subcutaneous conduit is
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carried by the flexible hollow needle before and during an insertion operation).
Accordingly, the subcutaneous conduit is in fluid communication with the fluid pump
mechanism 136 such that the medication fluid can be delivered to the body of the patient
via the outlet fluid conduit 142 and the subcutaneous conduit.

[0095] The fluid infusion device 100 includes a flow path that accommodates the
delivery of the medication fluid from the fluid cartridge module 104 to a subcutaneous
site in the body of the patient. A first fluid flow path is at least partially defined by the
inlet conduit assembly 144, which resides between the fluid cartridge module 104 and the
fluid pump mechanism 136. The first fluid flow path may be considered to be the inlet
flow path of the fluid pump mechanism 136. A second flow path (which may be
considered to be the outlet flow path of the fluid pump mechanism 136) is defined by the
outlet fluid conduit 142 and the subcutaneous conduit. In this regard, the second flow path
terminates at the distal end of the subcutaneous conduit. The overall flow path of the fluid
infusion device 100, therefore, includes the first fluid flow path, the fluid pump
mechanism 136, and the second fluid flow path. It should be appreciated that the fluid
flow path through the fluid infusion device 100 can be established using any number of
rigid needles (bent or straight), soft tubing, flexible steel tubing, or the like. The particular
embodiment described herein is merely one possible arrangement.

[0096] FIG. 4 is ablock diagram that depicts an exemplary embodiment of a system
architecture 400 suitable for use with the fluid infusion device 100. FIG. 4 depicts the
housing 106 of the fluid infusion device 100, along with various components, elements,
and devices that are housed by, enclosed within, or attached to the housing 106. In FIG. 4,
solid arrows represent electrical signal paths, dashed arrows represent mechanical
interaction or cooperation between elements, and doubled arrows represent fluid flow
paths. It should be appreciated that an embodiment of the system architecture 400 can
include additional elements, components, and features that may provide conventional
functionality that need not be described herein. Moreover, an embodiment of the system
architecture 400 can include alterative elements, components, and features if so desired,
as long as the intended and described functionality remains in place.

[0097] The illustrated embodiment of the system architecture 400 generally includes,
without limitation: a printed circuit board 401; the removable fluid cartridge module 104;
the fluid pump mechanism 136; the drive motor 138; a fluid flow path 402; a fluid flow
path 404; a cartridge sensor 406; one or more status sensors 408; one or more alerting

devices 410; an insertion mechanism 412; and a subcutaneous conduit 413. FIG. 4
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includes a number of items that were previously described, and those items will not be
redundantly described in detail here.

[0098] The printed circuit board 401 may include or carry at least some of the
electronics of the fluid infusion device 100, e.g., any number of discrete or integrated
devices, components, electrical conductors or connectors, and the like. For example, the
following items may be found on the printed circuit board 401, without limitation: a
battery 414; a processor device 420; a basal rate adjustment component 422; and a switch
423 The printed circuit board 401 (or the items carried by the printed circuit board 401)
can be electrically coupled to other elements of the system architecture 400 as needed to
support the operation of the fluid infusion device 100. For example, the printed circuit
board 401 can be electrically coupled to at least the following, without limitation: the
fluid cartridge module 104; the fluid pump mechanism 136; the drive motor 138; the
cartridge sensor 406; the status sensors 408; and the alerting devices 410. It should be
appreciated that electrical connections to the printed circuit board 401 can be direct or
indirect if so desired. Moreover, one or more components on the printed circuit board 401
may support wireless data communication in some embodiments.

[0099] The flow path 402 fluidly couples the fluid cartridge module 104 to the inlet of
the fluid pump mechanism 136, and the flow path 404 fluidly couples the outlet of the
fluid pump mechanism 136 (o the subcutaneous conduit 413. The subcutaneous conduit
413 is fluidly coupled to the body of the patient. The drive motor 138 is electrically and
mechanically coupled to the fluid pump mechanism 136 to control the operation of the
fluid pump mechanism 136. Thus, the drive motor 138 can be turmed on and off as needed
by the processor device 420 to control the position of the rotor of the fluid pump
mechanism 136,

[00100] The status sensors 408 can be electrically coupled to the fluid pump
mechanism 136 and to the printed circuit board 401 to monitor certain operating
conditions, parameters, or characteristics of the fluid pump mechanism 136 and/or other
components of the fluid infusion device 100. For example, the information provided by
the status sensors 408 can be processed or otherwise utilized to determine the revolution
count of the fluid pump mechanism 136, to determine the resting position of the fluid
pump mechanism 136, to detect a downstream occlusion in the fluid delivery path, to
detect when the reservoir of the fluid cartridge module 104 is empty, or the like.

[00101] The alerting devices 410 can be electrically coupled to the printed circuit

board 401 for purposes of controlled activation. In this regard, activation of the alerting
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devices 410 can be controlled by the processor device 420 as needed. In certain
embodiments, user manipulation of the button 112 results in actuation of the switch 423,
which in turn disables alerts or alarms generated by the alerting devices 410.

[00102] The dashed arrow labeled “Cartridge Trigger Option™ in FIG. 4 represents
mechanical interaction (and/or electrical, magnetic, inductive, optical, capacitive, or other
detection methodology) between the fluid cartridge module 104 and the insertion
mechanism 412. In this regard, installation of the fluid cartridge module 104 into the
housing 106 can be detected to trigger the insertion mechanism 412. If the subcutaneous
conduit 413 is not yet inserted in the body of the patient (i.e., the spring mechanism has
not been actuated), then the insertion mechanism 412 fires to position the subcutaneous
conduit 413 into a subcutaneous location. In alternative embodiments, a devoted insertion
button 416 is used to fire the insertion mechanism 412. Accordingly, the dashed arrow
labeled “Button Trigger Option” in FIG. 4 represents mechanical interaction (and/or some
other detection methodology) between the insertion button 416 and the insertion
mechanism 412. In accordance with this option, the insertion mechanism 412 is triggered
by physical manipulation of the insertion button 416, and the subcutaneous conduit 413 1s
installed (unless the insertion mechanism 412 has already been fired).

[00103] The processor device 420 can be realized in any form factor. In certain
embodiments, the processor device 420 is realized as an application specific inlegrated
circuit (ASIC) that is mounted to the printed circuit board 401. The ASIC can also include
a suitable amount of memory that is needed to support the operations and functions of the
fluid infusion device. In this regard, techniques, methods, and processes may be described
herein in terms of functional and/or logical block components, and with reference to
symbolic representations of operations, processing tasks, and functions that may be
performed by various computing components or devices. Such operations, tasks, and
functions are sometimes referred to as being computer-executed, computerized, software-
implemented, or computer-implemented. It should be appreciated that the various block
components shown in the figures may be realized by any number of hardware, software,
and/or firmware components configured to perform the specified functions. For example,
an embodiment of a system or a component may employ various integrated circuit
components, e.g., memory elements, digital signal processing elements, logic elements,
look-up tables, or the like, which may carry out a variety of functions under the control of

one or more microprocessors or other control devices.
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[00104] When implemented in software or firmware, various elements of the systems
described herein are essentially the code segments or computer-readable instructions that
perform the various tasks. In certain embodiments, the program or code segments are
stored in a tangible processor-readable medium, which may include any medium that can
store or transfer information. Examples of a non-transitory and processor-readable
medium include an electronic circuit, a semiconductor memory device, a ROM, a flash
memory, an erasable ROM (EROM), a floppy diskette, a CD-ROM, an optical disk, a
hard disk, or the like. The software that performs the described functionality may reside
and execute at, for example, an ASIC.

[00105] More specifically, the processor device 420 may be implemented or performed
with a general purpose processor, a content addressable memory, a digital signal
processor, an application specific integrated circuit, a field programmable gate array, any
suitable programmable logic device, discrete gate or transistor logic, discrete hardware
components, or any combination designed to perform the functions described here. In
particular, the processor device 420 may be realized as a microprocessor, a controller, a
microcontroller, or a state machine. Moreover, the processor device 420 may be
implemented as a combination of computing devices, e.g., a combination of a digital
signal processor and a microprocessor, a plurality of microprocessors, one or more
microprocessors in conjunction with a digital signal processor core, or any other such
configuration.

[00106] The processor device 420 includes or cooperates with memory, which can be
realized as RAM memory, flash memory, EPROM memory, EEPROM memory,
registers, or any other form of storage medium known in the art. The memory can be
implemented such that the processor device 420 can read information from, and write
information to, the memory. In the alternative, the memory may be integral to the
processor device 420. As an example, the processor device 420 and the memory may
reside in a suitably designed ASIC.

[00107] In the context of the particular embodiments described in more detail below,
the processor device 420 can implement, cooperate with, or otherwise support the
operation of a detection circuit (and applicable processing logic) that functions to detect
downstream occlusions in a fluid flow path, upstream occlusions in a fluid flow path, end
of reservoir conditions in a fluid infusion device, and/or other detectable operating
conditions. To this end, the processor device 420 can execute suitably written computer

instructions that cause the processor device 420 to perform the various detection tasks,
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operations, and method steps described below in the context of the different detection
methodologies.

[00108] The simple user interface can include a physical button 112, a capacitive
button, a thin film force sensitive resistor as a button (using deformation of a specific part
of the housing 106 as a button), etc. The button 112 can be activated to deliver a bolus, to
remove the device from an inactive shelf mode, to provide a self-check, to respond to
alerts or alarms, and the like. The system architecture 400 may include an optional
insertion button 416 that can be activated to release the conduit insertion mechanism 412.
[00109] One implementation is to have a single software-set basal rate and bolus
button value. For example, one SKU can be used for a fluid infusion device having a
basal setting of 2 Units/hr, wherein each press of the button 112 results in the delivery of
two Units of bolus therapy. A different SKU can be used for a fluid infusion device
having a basal setting of 1 U/hr, wherein each press of the button 112 results in the
delivery of one Unit of bolus therapy. In practice, the bolus value can be set based on
research of total insulin consumption so as to simplify the operation of the device. For
example, if a patient uses 100 U/day of basal therapy, they likely need more bolus therapy
and, therefore, a 5.0 Unit bolus deliver for each button press might be suitable. On the
other hand, if a patient uses 20 U/day of basal therapy, they likely need less bolus therapy
and, therefore, the bolus button for the device might be configured to deliver only 1.0
Unit per button press.

[00110] Regarding the bolus delivery function, each time the patient presses the button
112, the fluid infusion device 100 delivers the programmed bolus value and waits for the
next button press. Thus, if the fluid infusion device 100 has a preset bolus value of 5.0
Units and the patient needs 15.0 Units, then the patient presses the button 112 one time to
deliver the first 5.0 Units, presses the button 112 asecond time to deliver the next 5.0
Units, and presses the button 112 a third and final time for the last 5.0 Units.

[00111]  The fluid infusion device 100 also allows for multiple button presses, provides
confirmation (vibration, auditory, indicator lights), and then delivers the entire amount.
For example, the fluid infusion device 100 may process three back-to-back button
presses, recognize a total of three presses, provide user feedback, wait for confirmation,
and then deliver a total of 15.0 Units.

[00112] Patient-specific programming can be achieved through a physician
programmer via a wired or wireless communication session. For example, an inlrared

window can be provided in the housing of the fluid infusion device to accommodate
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wireless adjustments or programming. Other methods to adjust the basal rate utilize a
dial, a knob, or other adjustment component that the physician or patient can manipulate.
The adjustment component can be connected to the printed circuit board 401 and,
specifically, to the processor device 420 for purposes of changing the timing and/or other
characteristics of the fluid pump mechanism 136. FIG. 4 depicts a basal rate adjustment
component 422 that is intended to represent the various methodologies and components
that serve to adjust the programmed basal rate of the fluid infusion device 100. One
simple and low cost way to visualize and confirm the adjustment involves the use of a
clear window on the housing of the fluid infusion device and a colored dial with markings
corresponding to the adjustment setting.

[00113] The system architecture 400 may include or cooperate with any combination
of alerting devices 410, including, without limitation: a vibration motor; a piezoelectric
audio transducer; one or more indicator lights (e.g., light emitting diodes or other lamp
components); a speaker protected by a hydrophobic membrane; and the like.

[00114] The drive motor 138 can be electrically coupled to the printed circuit board
401 with a connector and wires, plated traces on the housing 106, or the like. The drive
motor 138 can be coupled to the fluid pump mechanism 136 using a coupler and a spring
(not shown). Alternatively, certain embodiments can utilize the one-piece spring coupler
164 described above with reference lo FIG. 3.

[00115] The status sensors 408 can be used to monitor the health and operation of the
fluid pump mechanism 136. For example, the status sensors 408 can be used to check the
winding resistance of the drive motor 138. The system architecture 400 can also be
configured to detect certain fault conditions such as fluid path occlusion, an end of
reservoir condition, the Units remaining in the reservoir, and the like. The status sensors
408 can be utilized to check for these and other operating conditions if so desired.
[00116] In some embodiments, occlusion can be detected by using a Hall sensor to
determine the axial position rate of change of the rotor of the fluid pump mechanism 136.
The sensor system can include a magnet positioned on the rotor, and a Hall sensor on the
printed circuit board 401. Pumping air rather than fluid, versus not pumping due to an
occlusion, will provide a different linear rate of change of the rotor and, therefore, can be
correlated to the pumping condition. This methodology will require knowledge of the
rotational state of the rotor, i.e., when the rotor has completed one full turn. This can be
achieved with a magnetic encoder, an optical encoder, a physical feature on the pump

rotor that contacts a switch every time a rotation is complete, or the like. The switch can
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be a physical, inductive, capacitive, photo-interrupt, or other type of switch. Multiple
optical encoders can be used in place of a Hall sensor, one to detect angular position of
the rotor, and one to detect linear position. Similarly, magnetic or other encoders can be
used.

[00117] An end of reservoir condition can be detected using the same methodology
described above for occlusion detection, or it can be detected using an optical sensor to
monitor the position of the plunger or piston of the fluid cartridge module 104. Other
techniques and technologies can also be utilized to determine when the fluid cartridge
module 104 needs to be replaced. Various techniques and methodologies for detecting
downstream occlusions and upstream occlusions (e.g., “end of reservoir” conditions) are
described in a more fulsome manner below.

[00118] The amount of medication fluid remaining can be determined using an optical
sensor that detects the location of the plunger near the end of the reservoir volume. A
countdown value can be calculated to provide an estimate of the number of Units
remaining in the reservoir. Alternatively, the amount of fluid remaining can be
determined magnetically by providing a magnet on the plunger of the reservoir. A
magnetic sensor in the housing 106 can be used to detect the magnet. As vet another
option, inductive or capacitive detection methodologies can be leveraged to determine the
amount of medication fluid remaining in the Muid cartridge module 104 The delected
position is calibrated to correspond to a specific volume of fluid remaining in the
reservoir.

[00119]  Prefilled fluid cartridge modules 104 can be provided in a housing that
facilitates insertion into the housing 106 and removal from the housing 106, as described
above. The fluid cartridge modules 104 can be designed to provide a convenient and easy
to handle form factor. In certain embodiments, installation of the fluid cartridge module
104 activates the cannula insertion mechanism 412, which eliminates the need for an
extra patient step and system component devoted to this function. In FIG. 4, the arrow
labeled “Cartridge Trigger Option™ represents this functionality.

[00120] The fluid cartridge module 104 may also be configured to communicate to the
processor device 420 (or initiate such communication) whether or not it has been
installed. The arrow labeled “‘Reservoir In/Out” in FIG. 4 represents this communication.
Thus, the act of inserting the fluid cartridge module 104 into the housing 106 can be
electronically detected to take appropriate action. Conversely, if the fluid cartridge

module 104 is removed, the fluid infusion device 100 can suspend basal and bolus
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therapy. When the fluid cartridge module 104 is reinstalled, the therapy can be resumed.
The manner in which the fluid cartridge module 104 is detected may vary from one
embodiment to another. In certain embodiments, a physical feature on the fluid cartridge
module 104 interacts with a feature or a mechanical component of the fluid infusion
device 100 that, in turn, triggers a switch on the printed circuit board 401. Alternatively
(or additionally), installation of the fluid cartridge module 104 can be achieved by
creating a short circuit across electrical contacts when the fluid cartridge module 104 is
installed. For example, a metal cap on the fluid cartridge module 104 can serve as the
electrical conductor that creates the short circuit. Alternatively, the exterior of the fluid
cartridge module 104 can include printed plating or a conductive trace on specific
locations that create a short across contacts of the fluid infusion device 100 when the fluid
cartridge module 104 is installed. As yet another example, installation of the fluid
cartridge module 104 can be detected by physical contact, capacitive sensing, inductive
sensing, optical sensing, acoustic sensing, magnetic sensing, infrared sensing, RFID
technology, or the like. The cartridge sensor 406 depicted in FIG. 18 is intended to
represent these and other possible methodologies, components, and features that detect
when the fluid cartridge module 104 is seated/installed, and when the fluid cartridge
module 104 is unseated/uninstalled.

[00121]  Fluid Pump Mechanism

[00122] FIGS. 5-8 are diagrams that depict a fluid pump mechanism 500 in various
stages during one pump cycle. FIGS. 5-8 schematically depict the fluid pump mechanism
500 in a simplified way for ease of understanding. An embodiment of the fluid pump
mechanism 500 can be configured as needed to suit the requirements of the particular
application. The fluid pump mechanism 500 generally includes, without limitation: a
rotor 502; a stator 504; and a biasing element 506. The rotor 502 includes an axial
extension section 508 that is at least partially received within the stator 504. For this
example, the rotor 502 1s driven such that it rotates relative to the stator 504. In alternative
implementations, the stator 504 could be rotated relative to the rotor 502, or both the rotor
502 and the stator 504 could be rotated relative to each other. Rotation of the rotor 502 is
accompanied by an axial movement thereof between a retracted position in which the
axial extension section 508 of the rotor 502 is more deeply received within the stator 504
and an extended position in which it is less deeply received within the stator 504. In the
retracted position of the rotor 502 the volume available in the stator 504 for fluid is a

minimum, and in the extended position of the rotor 502 the volume available for fluid in
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the stator 504 is a maximum. Typically, the axial movement of the rotor 502 away from
the stator 504 as shown in FIG. 6 is produced by a cam structure (not shown) acting
between the rotor 502 and the stator 504 forcing them progressively apart during a portion
of the rotation. The cam structure may comprise a rising land disposed on a transverse
face of one of the rotor 502 and the stator 504 interacting with a projection or cam
follower on the other. Alternatively, the cam structure could be a radial pin engaging a
helical grove extending part way round one of the interacting cylindrical surfaces. The
biasing element 506 (which may be realized as a spring, such as the spring coupler 164
shown in FIG. 3) provides a biasing force that urges the rotor 502 toward the stator 504.
[00123]  The fluid pump mechanism 500 includes a fluid inlet 510 and a fluid outlet
512. Although not always required, the fluid inlet 510 is located at the end of the stator
504, and the fluid outlet 512 is located on the side of the stator 504 (which is consistent
with the embodiment shown in FIG. 3). The fluid inlet 510 can be in communication with
the reservoir of the fluid cartridge module 104, and the fluid outlet 512 can be in
communication with the fluid flow path that leads to the body of the patient. Alternative
arrangements for the fluid inlet 510 and the fluid outlet 512 are also contemplated by this
disclosure. Internal fluid pathways, sealing structures, and valve structures are not
depicted in FIGS. 5-8 for the sake of clarity and simplicity.

[00124] FIGS. 5-8 depict different states of the fluid pump mechanism 500 during one
fluid delivery cycle, which corresponds to one revolution of the rotor 502. FIG. 5 shows
the fluid pump mechanism 500 in an initial state where the internal valve and sealing
structures effectively seal the fluid inlet 510 and the fluid outlet 512. In this initial state,
or retracted position, the rotor 502 is fully seated within the stator 504, and the axial
displacement of the rotor 502 relative to the stator 504 is considered to be zero. Rotation
of the rotor 502 from this initial state results in an outward axial movement of the rotor
502 due to the action of the cam mechanism and a corresponding increase in volume
available for fluid in the stator 504. FIG. 6 shows the fluid pump mechanism 500 in this
state, which due to the decrease in pressure within the stator due to its increased volume
produces a fluid intake state. In this state, the fluid inlet 510 is free to draw the
medication fluid into the fluid pump mechanism 500, but the fluid outlet 512 remains
sealed. Fluid 1s drawn into the fluid inlet 510 as the axial displacement of the rotor 502
relative to the stator 504 increases. Continued rotation of the rotor 502 eventually causes
the fluid pump mechanism 500 to reach its extended position, the state shown in FIG. 7.

In this state, the fluid inlet 510 and the fluid outlet 512 are sealed, and the fluid is ready to
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be expelled from the fluid pump mechanism 500. Moreover, the axial displacement of the
rotor 502 relative to the stator 504 and hence the volume available for fluid within the
stator is maximized in the state shown in FIG. 7. Further rotation of the rotor 502 causes
the cam structure to disengage and enables the biasing element 506 to force the rotor 502
back into the stator 504, which in turn expels the fluid from the fluid outlet 512. In the
state depicted in FIG. 8, the fluid outlet 512 is free to expel the fluid from the fluid pump
mechanism 500, but the fluid inlet 510 remains sealed to inhibit backflow. The biasing
element 506 urges the rotor 502 into its fully seated position, and further rotation of the
rotor 502 eventually returns the fluid pump mechanism 500 to the initial state shown in
FIG. 5. Under normal and expected operating conditions, one complete rotation of the
rotor 502 corresponds to one pumping cycle (i.e., one fluid delivery cycle) having a
defined fluid intake period and a defined fluid expulsion period. During one pumping
cycle, medication fluid is drawn from the fluid cartridge module 104 and, thereafter,
medication fluid is expelled from the fluid outlet 512 for delivery to the patient.
[00125] FIG. 9is an exploded perspective view of an exemplary embodiment of a {luid
pump mechanism 600 having a rotor 602 and a stator 604, The {luid pump mechanism
600 operates as described in connection with the simplified structures described above
with reference to FIGS. 5-8. An embodiment of the fluid pump mechanism 136, 500, 600
can be designed and configured in accordance with the pump described in United States
Patent Application Publication number US 2009/0123309.

For clarity and ease of understanding, the following
description only refers to the fluid pump mechanism 600.
[00126] As mentioned above with reference to FIGS. 5-8, the rotor 602 has an axial
extension section 608 that is shaped and sized for insertion into a rotor chamber 610 of
the stator 604. The axial extension section 608 protrudes from the endcap 609 of the rotor
602, and at least a portion of the axial extension section 608 fits inside the rotor chamber
610, The axial extension section 608 can rotate and move in the axial direction relative to
the stator 604. The Muid pump mechanism 600 includes a first valve and a second valve
(not shown in FIG. 9) that open and close as a function of the angular and axial position
of the rotor G602 relative to the stator 604. The valves are realized using a suitably
configured sealing structure and/or sealing elements that cooperate with fluid supply
channels formed in the axial extension section 608. The sealing structure and/or sealing

elements are positioned inside the stator 604.
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[00127] Rotation of the rotor 602 also results in axial displacement of the rotor 602
relative to the stator 604. The rotation-based axial displacement is provided by
cooperating cam elements located on the rotor 602 and the stator 604. FIG. 9 depicts a
portion of the stator cam element 612 which includes a radially extending projection; the
rotor cam element, however, is hidden from view in FIG. 9, but comprises a land rising
progressively with angular displacement, followed by an arc of uniform height, and then a
sudden drop to its starting height. As the rotor 602 rotates with respect to the stator 604
the stator cam element 612 rides up the land on the rotor cam element progressively
forcing the rotor 602 axially away the stator 604, towards the extended position discussed
above with respect to FIGS. 5-8. Moreover, as the rotor 602 rotates relative to the stator
604, the angular and axial movement of the axial extension section 608 results in the
opening and closing of the two valves. During a complete rotational cycle of the fluid
pump mechanism 600, the axial displacement of the rotor 602 relative to the stator 604
generates a pumping action inside the rotor chamber 610 (as described above with
reference to FIGS. 5-8). In this regard, the rotor chamber 610 defined in the stator 604
may include or serve as the fluid chamber of the fluid pump mechanism 600.

[00128] FIG. 10 is a perspective view of an exemplary embodiment of a stator 704 of a
fluid pump mechanism, and FIG. 11 is a perspective view of an exemplary embodiment
of a compalible rotor 702. Tt should be appreciated that the fluid infusion device that hosts
the rotor 702 and the stator 704 will include appropriate structure, components, features,
and/or elements that support and hold the rotor 702 and the stator 704 in the desired
positions, and that accommodate axial and rotational movement of the rotor 702 relative
to the stator 704. For the sake of clarity and simplicity, such cooperating structure,
components, features, and/or elements are not depicted in FIG. 10 or FIG. 11.

[00129]  Although the stator 704 has a different configuration than the stator 604
depicted in FIG. 9, the operating concepts and functionality are identical for purposes of
this description. In this regard, the stator 704 includes a stator cam element 706 and a
rotor opening 708 (as described above). The rotor 702 generally includes, without
limitation: an endcap 712; a proximal axial extension 714; a distal axial extension 716; a
first fluid supply channel 718 formed in the proximal axial extension 714; a second fluid
supply channel 720 formed in the distal axial extension 716; and a rotor cam element 722.
[00130] The fluid supply channels 718, 720 are realized as thin slits that extend from
the outer surfaces of the axial extensions 714, 716. Sealing elements located inside the

stator 704 cooperate with the fluid supply channels 718, 720 to act as valves that open
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and close as a function of the angular and axial position of the rotor 702 relative to the
stator 704. This enables pumping of medication fluid supplied from the fluid cartridge
module 104 (see FIG. 3 and FIG. 4) due to changes in volume available for fluid within
the rotor chamber 610 caused by the axial displacement of the rotor 702.

[00131] The endcap 712 can be suitably configured to mate with or otherwise
cooperate with the drive motor 138, such that the angular position of the rotor 702 can be
controlled as needed. Moreover, the endcap 712 can be suitably configured to mate with
or otherwise cooperate with a biasing component that urges the rotor 702 toward the
stator 704. For example, the endcap 712 can be coupled to or integrally fabricated with
the spring coupler 164 shown in FIG. 3.

[00132] The axial displacement of the rotor 702 relative to the stator 704 is defined by
the cooperating cam elements 706, 722. The cam elements contact each other during each
pumping cycle to adjust the axial position of the rotor 702 as a function of the angular
position of the rotor 702 relative to the stator 704. For the illustrated embodiment (see
FIG. 11), the rotor cam element 722 is positioned on the interior portion of the endcap
712, and 1t extends over a certain predefined arc. The rotor cam element 722 resembles a
ramp having a variable height, i.e., progressively rising from a reference surface of the
rotor 702. More specifically, the rotor cam element 722 increases in height over the
predefined arc. In contrast, the stator cam element 706 or cam follower can be realized as
a simple protrusion having a stator cam surface that is designed to “ride” along and up the
ramp of the rotor cam element 722. It should be appreciated that the stator cam element
706 need not be realized as a simple protrusion, and that an embodiment of the fluid
pump mechanism can reverse the functions of the cam elements (such that the rotor cam
element 722 is realized as a simple protrusion and the stator cam element 706 is realized
as aramp). The rotor cam element on the rotor 602 and illustrated in FIG. 9 can also have
this structure.

[00133] FIGS. 12-14 are diagrams that depict the cooperation between the stator cam
element 706 and the rotor cam element 722. FIGS. 12-14 only show the stator cam
element 706; the remaining portion of the stator 704 is omitted from these figures. The
wide arrow 730 in FIGS. 12-14 represents the axial biasing force that is applied to the
rotor 702, This axial biasing force is intended to urge the rotor cam element 722 toward
the stator cam element 706 and toward the reference surface of the rotor. The arrow 732

in FIGS. 12-14 indicates the direction of travel of the rotor cam element 722 relative to
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the stator cam element 706. As explained above, the rotor cam element 722 moves
(relative to the stator cam element 706) in response to the rotation of the rotor 702.
[00134] FIG. 12 depicts a state where the stator cam element 706 resides on the rotor
cam element 722. More specifically, the stator cam element 706 is positioned on the
sloped portion of the rotor cam element 722. As the stator cam element 706 continues to
“ride” along the rotor cam element 722, the rotor 702 becomes displaced relative to the
stator 704. The maximum displacement occurs at the highest section (the plateau) of the
rotor cam element 722. This maximum displacement in the discussion that follows is also
referred to as the “extended” position. The illustrated embodiment of the rotor cam
element 722 ends abruptly, as best shown in FIG. 13, which depicts the vertical “shelf”
defined at the end of the rotor cam element 722. FIG. 13 depicts a state where the stator
cam element 706 has cleared the rotor cam element 722. and before the rotor 702 has
been pushed back toward the stator 704 by the biasing force 730. In this regard, FIG. 13
shows the gap distance between the stator cam element 706 and a reference surface 736
of the endcap 712. This gap distance corresponds to the maximum axial displacement
between the stator 704 and the rotor 702. FIG. 14 depicts a state that immediately follows
the state shown in FIG. 13. The biasing force 730 moves the rotor 702 toward the stator
704 such that the stator cam element 706 contacts the reference surface 736. The state
shown in FIG. 14 corresponds to the mimimum axial displacement between the stator 704
and the rotor 702, and is referred to below also as the “retracted” position.

[00135] FIG. 15 is a graph that includes a plot of rotor axial position versus rotor
angular position, for normal and typical operating conditions. The vertical axis indicates
the axial position (displacement) of the rotor 702 relative to the stator 704, and the
horizontal axis indicates the angular position of the rotor 702. One pumping cycle
corresponds to 360 degrees of rotation, and FIG. 15 depicts a plot that spans two pumping
cycles. FIG. 15 includes regions superimposed over the plot; the regions represent periods
during which the valves are open. More specifically, the region 802 corresponds to a first
period, more specifically — arc of rotation, during which the second/outlet valve (V2)is
open, the region 804 corresponds to a second period or arc of rotation during which the
first/inlet valve (V1) is open, the region 806 corresponds to a third period or arc of
rotation during which V2 is open, the region 808 corresponds to a fourth period or arc of
rotation during which V1 is open, and the region 810 corresponds to a fifth period or arc
of rotation during which V2 is open. The gaps between these five regions correspond to

periods or arcs of rotation during which both valves are closed.
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[00136] The first section 814 of the plot (where the axial displacement is
approximately zero) corresponds to a period during which the stator cam element 706 is
in contact with the reference surface 736 and hence the rotor is axially in its retracted
position. The second section 816 of the plot (where the axial displacement increases from
about zero to about 0.95 mm) corresponds to a period of time during which the stator cam
element 706 rides onto the rotor cam element 722. Notably, the axial displacement
increases until the stator cam element 706 reaches the maximum height defined by the
rotor cam element 722. During this time, the first valve is open, the second valve is
closed, and the axial displacement of the rotor 702 increases the volume of the fluid
chamber inside the stator 704, which in turn causes fluid to be drawn into the fluid pump
mechanism. Accordingly, the second section 816 of the plot corresponds to a fluid intake
period. In the third section 818 of the plot (where the axial displacement is constant at
about 0.95 mm) the rotor 1s in the extended position, corresponding to a period during
which the stator cam element 706 rides on the top of the plateau defined by the rotor cam
element 722. During most of this period, both of the valves are closed.

[00137] The fourth section 820 of the plot (where the axial displacement decreases
from about 0.95 mm to about zero) corresponds to a period of time immediately after the
stator cam element 706 travels beyond the rotor cam element 722 (see FIG. 13 and FIG.
14). In other words, the stator cam element 706 “falls of”” and disengages the plateau of
the rotor cam element 722, and the biasing force axially displaces the rotor 702 toward
the stator 704 such that the rotor cam element 722 moves toward the reference surface
736. Eventually, the stator cam element 706 reaches and contacts the reference surface
736 and the rotor has returned to its axially retracted position. During this time, the first
valve is closed, the second valve is open, and the axial displacement of the rotor 702
causes the fluid to be expelled from the fluid pump mechanism via the second valve.
Accordingly, the fourth section 820 of the plot corresponds to a fluid expulsion period.
The fifth section 822 of the plot (where the axial displacement is approximately zero)
corresponds to another period during which the stator cam element 706 is in contact with
the reference surface 736. Thus, after a fluid expulsion period and before the next fluid
intake period, the stator cam element 706 is in contact with the reference surface 736. In
this regard, the fifth section 822 is akin to the first section 814, and the next pumping
cycle proceeds as the rotor 702 continues to rotate.

[00138] Downstream Occlusion Detection
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[00139] A downstream occlusion in the fluid delivery flow path occurs when
something blocks or inhibits the flow of the fluid after it leaves the fluid pump
mechanism. Downstream occlusion detection techniques are desirable to increase the
safety of a medication infusion device. With particular reference to the [luid pump
mechanism described with respect to FIGS. 53-8, FIG. 9, or FIGS. 10-14, downstream
occlusion detection can employ one or both of the following general methodologies: (1)
axial position measurement or detection of the rotor 702 relative to the stator 704; and (2)
force/pressure measurement of the fluid path.

[00140] Taking as an example the arrangement described with reference to FIGS. 10-
14 above, the axial position of the rotor 702 (relative to the stator 704) as a function of
angular rotation is at the core of the pumping action of the fluid pump mechanism. FIG.
15 illustrates the normally expected behavior of the fluid pump mechanism. In practice,
the axial position of the rotor 702 relative to the stator 704 can be measured/monitored for
purposes of detecting delivery anomalies. For example, during normally expected
operation, the stator cam element 706 disengages from the rotor cam element 722 and the
axial biasing element (usually a spring) causes the fluid to be expelled through the second
valve (V2). In the presence of a downstream occlusion, however, outgoing fluid flow is
restricted and incompressibility of the fluid restricts the contraction of the rotor position,
thus impacting the axial position ol the rotor 702. In this regard, FIG. 16 is a graph that
includes a plot 840 of rotor axial position versus rotor angular position for a downstream
occlusion condition. FIG. 16 also shows the normally expected plot 842 in dashed lines.
[00141] The plot 840 indicates how a downstream occlusion affects the axial
displacement of the rotor 702. Here, the plot 840 closely tracks the theoretical plot 842
during the fluid intake portion of the pumping cycle. When the second valve opens and
the stator cam element 706 disengages from the rotor cam element 722, however, the
axial biasing force does not overcome the fluid pressure caused by the occlusion.
Accordingly, the rotor 702 does not completely return to its starting point against the
stator 704, the axially retracted position, until shortly after the first valve opens. When the
first valve opens, the fluid can backflow into the fluid reservoir, which in turn enables the
axial biasing force to return the rotor 702 to its starting position. As shown in FIG. 16, the
axial displacement of the rotor 702 hovers at or near 0.85 mm during the period when the
second valve is open, but it quickly drops to about zero once the first valve opens and
before the stator cam element 706 starts to ride up the slope of the rotor cam element 722

in the next pumping cycle. These characteristics of the plot 840 are indicative of a
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downstream occlusion. The following sections present a number of techniques and
methodologies that are designed to detect and respond to a downstream occlusion, which
might cause the behavior depicted in FIG. 16.

[00142] Downstream Occlusion Detection: Methodology 1

[00143] The occlusion detection methodology presented here utilizes a sensor system
integrated into the fluid pump mechanism. The basic design, configuration, and operation
of the fluid pump mechanism are consistent with that previously described. In particular,
reference is made to FIGS. 5-8, FIG. 9, and FIGS. 10-14. The sensor system includes a
metal trace or similarly conductive sensor contact element that is installed on or
integrated into the rotor and in the area away from the rotor cam element (also referred to
as the “off-ramp position™). The sensor system also includes a sensing element on or
integrated into the stator, wherein the sensing element cooperates with the sensor contact
element during operation of the fluid pump mechanism. In some embodiments, the
sensing element is realized as two discrete traces or conductive leads that terminate in the
area of the stator cam element. The sensor contact element can be shaped, sized, and
positioned such that the stator cam element only makes contact with the sensor contact
element during normal fluid delivery operations (and such that the stator cam element
does not make contact with the sensor contact element when the downstream fluid path is
occluded). This can be done by placing the sensor contact at the appropriale angular
position on the rotor so that it contacts the conductive leads on the stator cam element
following a successful expulsion of fluid. If the expulsion cannot occur due to a
downstream occlusion, the sensor contact on the rotor does not reach the conductive leads
on the stator. This angular position depends on the discharge valve timing. The contact
needs to be positioned to sense whether the rotor reaches the retracted position as a result
of discharge through the outlet valve. In the cycle of rotation the earliest position for the
contact would be while the discharge valve is still open, and in normal circumstances, the
discharge will already have occurred. The latest position corresponds to time immediately
before the opening of the inlet valve for the next pumping cycle.

[00144] The conductive traces on the stator can be interconnected to appropriately
configured electronics, a detection circuit, a processor, or the like. Software running on
the fluid infusion device can monitor the state of the sensor system (open/close, high/low,
etc.) to determine an operating condition, such as the state of fluid delivery. During
normal delivery cycles, the detection circuit observes one binary pattern produced by the

sensor system (open, close, open, close, etc.) that correlates to the various intake and
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expulsion cycles. During certain fault conditions, however, the detection circuit observes
a different binary pattern (e.g., open, open), which in turn initiates an alarm or an alert
message.

[00145] FIG. 17 is an end view of an exemplary embodiment of a rotor 852 of a fluid
pump mechanism that implements the occlusion detection methodology described here.
FIG. 18 is an end view of an exemplary embodiment of a stator 854 of a fluid pump
mechanism that implements the occlusion detection methodology, and FIG. 19is a
diagram that depicts the stator 854 cooperating with a detection circuit 856. The fluid
pump mechanism that incorporates the rotor 852 and the stator 854 can be as described
previously with reference to FIGS. 5-16.

[00146] FIG. 17 is an axial end view from the perspective of one looking into the
bottom of an endcap 858 of the rotor 852. FIG. 17 depicts the following features, which
were described in detail above: an axial extension section 860, which is positioned in the
center of the endcap 858; a reference surface 862; and a rotor cam element 864. As
mentioned above, the rotor cam element 864 rises above the reference surface 862 from a
lower edge 866 to an upper edge 868. FIG. 17 also depicts an exemplary embodiment of a
sensor contact element 870, which resides on (or is integrated into) the reference surface
862. In practice, the thickness of the sensor contact element 870 is negligible for purposes
of operaling the Muid pump mechanism in the manner described previously. The sensor
contact element 870 is located in an area that is unoccupied by the rotor cam element 864.
As shown in FIG. 17, the sensor contact element 870 can be realized as an arc-shaped
electrically conductive trace that is sized such that the reference surface 862 defines a first
gap between the lower edge 866 of the rotor cam element 864 and the sensor contact
element 870, and a second gap between the upper edge 868 of the rotor cam element 864
and the sensor contact element 870. The span of the sensor contact element 870 and the
locations of its leading and trailing edges are carefully selected for compatibility with the
angular timing of the rotor 852, and for compatibility with the open/closed states of the
inlet and outlet valves. In certain embodiments, the sensor contact element 870 is
fabricated using a Laser Direct Structuring (LDS) process comprised of a doped
organometallic material that is laser activated and then plated, a two-shot with a chemical
activation and then plated, an insert molded contact, etc.

[00147] FIG. 18 is an axial end view from the perspective of one looking into the fluid
chamber of the stator 854. FIG. 18 depicts a stator cam element 874, which is realized as

a protruding tab, and a portion of a sensing element that terminates at or near the stator
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cam surface 876. Although not always required, the illustrated embodiment of the sensing
element includes a first electrically conductive lead 878 (or trace) having an end that is
exposed at the stator cam surface 876, and a second electrically conductive lead 880 (or
trace) having an end that is exposed at the stator cam surface 876. Each lead 878, 880 also
has a second end that cooperates with or is coupled to the detection circuit 856 (see FIG.
19). In alternative embodiments, the sensing element could be realized using conductive
springs, tabs, brushes, or the like.

[00148] The leads 878, 880 cooperate with the detection circuit 856 to detect whether
or not the stator cam surface 876 1s in contact with the sensor contact element 870. For
example, the detection circuit 856 can monitor the characteristics of a detection signal
that is obtained from the leads 878, 880 in response to the changing angular position of
the rotor 852. The detection signal could be a measured voltage, current, or the like,
having two measurable states corresponding to a contact state and a non-contact state. In
this regard, the detection signal obtained from the sensing element can be a binary signal
having a first logical state and a second logical state, where the first logical state
corresponds to contact between the stator cam element 874 and the sensor contact
element 870, and the second state corresponds to non-contact between the stator cam
element 874 and the sensor contact element 870. Consequently, a first binary pattern of
the detection signal obtained during one rotation of the rotor 852 is indicative of normal
and expected operation of the fluid pump mechanism, while a second binary pattem of
the detection signal during one rotation of the rotor is indicative of a fault condition of the
fluid pump mechanism, e.g., a downstream occlusion, a faulty biasing element, or the
like. Under normal operating conditions, the first binary pattern will alternate between the
two logical states (high, low, high, low, high. low . . .). If the downstream fluid path is
occluded, however, the fluid back pressure will prevent the stator from reaching the
retracted position and hence the stator cam element 874 will not reach the sensor contact
element 870 and, therefore, the second binary pattern will include only one state (i.e., the
non-contact state). The detection circuit can easily distinguish between these two binary
pattems to resolve whether the fluid infusion device is operating as usual or is operating
under conditions that indicate a downstream occlusion.

[00149]  The sensor contact clement 870 is shaped, sized, and positioned such that,
under normal and expected operating conditions, the stator cam element 874 is in contact
with the sensor contact element 870 immediately following each fluid expulsion period.

The stator cam element 874 remains in contact with the sensor contact element 870 for a
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defined angular range of the rotor 852, but the sensor contact element 870 ends before the
angular position that corresponds to the next fluid intake period (i.e., the sensor contact
element 870 ends before the lower edge 866 of the rotor cam element 864. Preferably, the
sensor contact element 870 is located in an area on the reference surface 862 that
corresponds to a valve state in which the inlet valve is closed and the outlet valve is open
(see FIG. 15 and FIG. 16). Depending on the particular timing and configuration of the
fluid pump mechanism, at least a portion of the sensor contact element 870 can be located
in an area on the reference surface 862 that corresponds to a valve state in which both the
inlet valve and the outlet valve are closed.

[00150] Under downstream occlusion conditions, however, fluid pressure caused by an
occlusion downstream of the fluid pump mechanism prevents the stator cam element 874
from contacting the sensor contact element 870 after the fluid expulsion period. This
enables the detection circuit to determine the presence of a downstream occlusion in
response to the characteristics of the detection signal obtained under the downstream
occlusion conditions. If the detection circuit detects a downstream occlusion in this
manner, it can initiate an alert, an alarm, a warning message, or the like. In some
embodiments, the detection circuit triggers an alert in response to detecting a binary
pattern in the detection signal that corresponds to a fault condition. In other embodiments,
an alert s triggered aller a particular binary pattern is detected during a plurality of
consecutive rotations of the rotor 852. This requirement may be implemented to minimize
false alarms.

[00151] In alternative embodiments, the sensor contact element is instead located on
the rim 882 of the endcap 858 (see FIG. 17). In such embodiments, the angular span of
the sensor contact element can be identical or functionally equivalent to that shown in
FIG. 17 for the sensor contact element 870. Locating the sensor contact element on the
rim 882 instead of inside the endcap 858 may be desirable for ease of manufacturing,
reliability, and robust performance. If the sensor contact element is positioned on the rim
882, then the electrically conductive leads of the stator 854 will also be relocated for
compatibility with the alternative positioning of the sensor contact element. For example,
the leads can be located on a rim or other surface 884 of the stator 854. This type of
arrangement is also shown in FIGS. 44-46 in the context of another embodiment. Another
envisaged variant is to reverse the positions of contacts so that sensor contact element is

on the stator and the other contact is on the rotor. This could be of particular interest in
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embodiments in which the cam with the ramp is on the stator and the cam follower is on
the rotor.

[00152] Downstream Occlusion Detection: Methodology 2

[00153] FIG. 20 is a schematic block diagram that illustrates an exemplary
embodiment of an occlusion detection system suitable for use with a fluid infusion device
having a fluid cartridge module 900, a fluid pump mechanism 902, and a fluid conduit
904 between the fluid cartridge module 900 and the fluid pump mechanism 902. The fluid
pump mechanism 902 is designed to draw medication fluid from the fluid cartridge
module 900 during an intake cycle, and thereafter expel the medication fluid during an
expulsion cycle. In this regard, the basic operation and functionality of the fluid cartridge
module 900 and the fluid pump mechanism 902 are similar to that described above with
reference to FIGS. 1-4.

[00154] The embodiment of the occlusion detection system shown in FIG. 20 includes
an electroactive polymer (EAP) sensor 906 and a detection circuit 908 that is operatively
coupled to the EAP sensor 906. The EAP sensor 906 can be realized as a ring-shaped or
cylindrical-shaped component that is secured around the fluid conduit 904. For this
particular embodiment, the fluid conduit 904 is somewhat resilient, such that it can
expand and contract in response to changes in fluid pressure. The EAP sensor 906 is
positioned around the exterior of the fluid conduit 904 (or purposes ol detecting
expansion and contraction of the fluid conduit 904 as a function of the operating state of
the fluid pump mechanism 902. More specifically, the EAP sensor 906 can monitor the
condition of the fluid conduit 904 during fluid intake cycles, fluid expulsion cycles, dwell
times, etc.

[00155] EAP materials are generally known. For this particular application, the EAP
sensor 906 is fabricated from a material (such as a thin film) that generates energy,
electricity, voltage, current, or a measurable quantity as a function of mechanical stress or
strain imparted thereto. The response of the EAP sensor 906 can be detected and analyzed
by the detection circuit 908 as needed. Thus, the EAP sensor 906 is suitably configured to
detect or measure the expansion and contraction of the fluid conduit 904 in an ongoing
manner.

[00156] During a normal and expected fluid delivery cycle, the resilient fluid conduit
904 will collapse or contract during the fluid intake cycle, while the fluid pump
mechanism 902 is drawing fluid from the fluid cariridge module 900. Thereafter, the fluid

conduit 904 will recover and regain its “nominal” shape (during the fluid expulsion
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cycle). Accordingly, the EAP sensor 906 is designed to respond to this characteristic
contraction and recovery, and the detection circuit 908 takes appropriate action (if any)
when the normally expected signal from the EAP sensor 906 is produced. In contrast, if
the fluid flow path downstream of the fluid pump mechanism 902 is occluded, then the
fluid conduit 904 will not collapse or contract to the same extent that it does during
normal delivery. More specifically, the fluid conduit 904 will remain pressurized in the
presence of a downstream occlusion until the inlet valve opens again for the next intake
stroke. Opening of the inlet valve allows the pressurized fluid to backflow into the
upstream fluid path, which in turn allows the resilient fluid conduit 904 to shrink or
collapse (relative to its pressurized state). In this scenario, the detection circuit 908 can
analy ze the output of the EAP sensor 906, determine that a downstream occlusion has
occurred, and take appropriate action such as generating an alert.

[00157] It should be appreciated that the output of the EAP sensor 906 can also be
monitored to detect an “end of reservoir” condition. In this regard, when the fluid
cartridge module 900 is empty, the stopper of the fluid reservoir no longer moves because
1t has reached the limit of its travel. Thus, the fluid pump mechanism 902 generates a
negative pressure on the inlet side, which collapses the fluid conduit 904 to a greater
extent than experienced during normal delivery (and the fluid conduit 904 does not
recover back 1o ils nominal shape).

[00158]  FIG. 20 shows the EAP sensor 906 monitoring an upstream fluid conduit that
resides between the fluid cartridge module 900 and the fluid pump mechanism 902. This
arrangement can be effective at detecting upstream occlusions (e.g., an end of reservoir
condition). Alternatively or additionally, the system can employ a similar EAP sensor to
monitor expansion and contraction of a downstream fluid conduit that is located
downstream of the fluid pump mechanism 902. Monitoring a downstream fluid conduit
can be effective for purposes of detecting downstream occlusions.

[00159] Downstream Occlusion Detection: Methodology 3

[00160] In accordance with another downstream occlusion detection methodology, an
electrical switch is incorporated in the downstream fluid flow path. This can replace the
EAP 906 sensor in the arrangement described with reference to FIG. 20. For example, a
section of the fluid conduit that resides downstream of the fluid pump mechanism can be
fabricated from an elastomeric material that is electrically conductive, or that includes an

electrically conductive element aflixed thereto. The electrically conductive element
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represents one terminal of a mechanical switch; the other terminal can be positioned in a
suitable location adjacent to the fluid conduit.

[00161] During a normal and expected fluid delivery cycle, the elastomeric material
will expand slightly during the fluid expulsion stage. In the presence of a downstream
occlusion, however, the fluid pump mechanism is able to generate substantially more
fluid pressure. The increased pressure causes the elastomeric material to expand. As the
fluid pump mechanism continues to operate and increase the fluid pressure, the
conductive element of the fluid conduit contacts the other switch terminal and creates an
electrical short. The closing of the mechanical switch can be detected by a suitably
designed detection circuit as an indicator of the downstream occlusion.

[00162] Downstream Occlusion Detection: Methodology 4

[00163] FIG. 21 is a simplified diagram of an exemplary embodiment of an optical or
acoustic based occlusion detection system suitable for use with a fluid infusion device
having a fluid cartridge module, a fluid pump mechanism, and a fluid conduit 904 (as
generally described above with reference to FIG. 20). FIG. 21 has been simplified to only
show the relevant section of the fluid conduit 904. In lieu of (or in addition to) the EAP
sensor 906 described above, the embodiment of the occlusion detection system presented
here utilizes a non-contact sensing methodology. In certain embodiments, the majority of
the Tuid conduit 904 is [abricated (rom a ngid and sti(l material 920, such as stainless
steel, that exhibits little to no deformation with changes in fluid pressure. At least one
section of the fluid conduit 904, however, includes a resilient and compliant component
922. The component 922 moves (expands and contracts) in response to pressure changes
inside the fluid conduit 904.

[00164] The embodiment of the occlusion detection system shown in FIG. 21 includes
a detection circuit 924 that suitably configured to interrogate, observe, or otherwise detect
the status of the component 922 without physically touching the component 922. The
detection circuit 924 can utilize one or more of the following sensing technologies,
without limitation: optical; acoustical; imaging; ultrasound; infrared; or magnetic. The
detection circuit 924 can include an interrogation signal emitter 926 that generates
interrogation signals 928 (acoustic, optical, magnetic, etc.) for purposes of determining
the state of the component 922. In this way, the detection circuit 924 can monitor the
condition of the component 922 during fluid intake cycles, fluid expulsion cycles, dwell

{imes, etc.
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[00165] During a normal and expected fluid delivery cycle, the resilient component
922 will collapse or contract during the fluid intake cycle and will quickly recover and
regain its “nominal” shape (during the fluid expulsion cycle). FIG. 21 shows the
contracted state of the component 922 using a solid line, and the nominal state of the
component 922 using a dashed line. In contrast, if the fluid flow path downstream of the
fluid pump mechanism is occluded, then the component 922 will not collapse or contract.
The detection circuit 924 employs one or more appropriate non-contact sensing
technologies to determine the state of the component 922 and, in turn, to determine
whether a downstream occlusion has occurred. It should be appreciated that the flexible
component 922 can also be monitored to detect an “end of reservoir” condition. In this
regard, when the fluid cartridge module is empty, the component 922 will collapse but
will not return back to its nominal shape.

[00166] These methodologies thus illustrate a system for the detection of an occlusion
in aline connected to a pump for medicinal fluid comprising an elastic portion in the wall
of the line and able to flex in response to pressure variations within the line. A sensor
detects flexure of said portion to monitor the pressure within the line. The system may
further include a comparator to compare the detected pressure with a threshold pressure to
indicate whether an occlusion has occurred. The detector may comprise an electro-active
polymer, for example, as described above with reflerence to FIG. 20 The deteclor may
comprise an electrical switch operated mechanically by the elastic portion as it expands or
contracts. The detector may use a non-contact sensing technology as discussed with
reference to FIG. 21 above. An example would be where the elastic portion progressively
shields a light detector from a light source as it expands. The degree of expansion or
contraction could then be read by monitoring the intensity of the light. When used
downstream of a pump expansion of the elastic portion would be an indication of a
downstream occlusion. When used upstream of a pump a collapse or concavity of the
elastic portion could indicate an upstream occlusion such as a fluid cartridge module
being empty.

[00167] Downstream Occlusion Detection: Methodology 5

[00168] As described in detail above with reference to FIGS. 5-14, a rotary fluid pump
mechanism includes a rotor and a stator that cooperate to draw fluid from a fluid reservoir
and deliver the fluid to an outlet conduit. Axial displacement of the rotor relative to the
stator is a function of the angular position of the rotor. Simply put, the rotor moves back

and forth relative to the stator during normal and expected fluid pumping cycles. The
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occlusion detection methodology presented in this section employs at least one non-
contact sensing scheme to monitor the position of the rotor relative to the stator during
operation of the fluid pump mechanism.

[00169] FIG. 22 is a simplified diagram of an exemplary embodiment of an occlusion
detection system that utilizes position sensing techniques. FIG. 22 depicts a rotor 940 and
a stator 942 of a rotary fluid pump mechanism of the type previously described. Rotation
of the rotor 940 usually results in axial displacement of the rotor 940 relative to the stator
942 This axial displacement is represented by the arrow 944 in FIG. 22. As explained
previously, the axial position of the rotor 940 (as a function of angular position of the
rotor 940) is repeatable and predictable during normal fluid delivery conditions (see FIG.
15). In contrast, the axial position of the rotor 940 exhibits substantially different
characteristics in the presence of a downstream occlusion, due to the back pressure caused
by the occlusion (see FIG. 16). The techniques presented here detect the relative position
of the rotor and/or the stator during operation of the fluid infusion device, and the
detected position information is used to determine whether or not the downstream fluid
path 1s occluded.

[00170] The embodiment of the occlusion detection system shown in FIG. 22 includes
a detection circuit 946 that cooperates with one or more non-contact sensors associated
with the rotor 940 and/or the stator 942 For the sake of generalily and completeness, FIG.
22 shows multiple rotor sensors 948 and multiple stator sensors 950, each of which
cooperates with the detection circuit 946 to provide respective sensor signals, measurable
quantities, data, or information that can be analyzed and processed as needed for purposes
of occlusion detection. Depending on the particular embodiment, the occlusion detection
system can utilize any one of the sensors 948, 950 or any suitable combination of two or
more sensors 948, 950.

[00171] In accordance with some embodiments, an accelerometer is used for at least
one of the rotor sensors 948. The accelerometer data can be processed by the detection
circuit to calculate one or more kinematic quantity of the rotor in the axial direction
including, for example, the axial displacement velocity or acceleration of the rotor 940 as
a function of its angular position. In this regard, the axial velocity/acceleration of the rotor
940 can be characterized for normal and expected fluid delivery cycles and for
downstream occlusion conditions. Referring again to FIG. 15 and FIG. 16, the axial
velocity/acceleration of the rotor 940 is expected to be relatively high during a normal

fluid delivery period, and relatively low when the downstream fluid path is occluded. The
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detection circuit 946 can be designed and programmed in an appropriate manner to
respond to changes in the axial velocity/acceleration of the rotor 940 that might be
indicative of a downstream occlusion.

[00172] In accordance with certain embodiments, the occlusion detection system
employs a light source and a light sensor to monitor the axial position of the rotor 940
relative to the sensor. In this regard, one or more of the sensors 948, 950 can be realized
as a light sensor. Altematively, one or more light sensors external to the rotor 940 and
external to the stator 942 can be used. In accordance with alterative embodiments, a light
sensor is provided on the stator 942 {or the rotor 940), and a reflective element is
provided on the rotor 940 (or the stator 942).

[00173] Inyet other embodiments, the sensors 948, 950 are selected to support the
desired non-contact sensing technology. In this regard, any of the following non-contact
sensing techniques can be utilized with the occlusion detection system depicted in FIG.
22, without limitation: magnetic sensing using, for example, a Hall sensor arrangement;
inductive sensing that relies on inductive coupling between the stator 942 and the rotor
940; capacitive sensing that relies on capacitive coupling between the stator 942 and the
rotor 940; infrared sensing; or optical imaging.

[00174] In accordance with some embodiments, the occlusion detection system
includes a force or pressure sensor 954 that is suitably configured and arranged (o
measure the biasing force associated with the rotor 940. As mentioned previously with
reference to FIGS. 5-8, a biasing element can be employed to urge the rotor 940 toward
the stator 942. The sensor 954 measures the force 956, which can vary during a fluid
delivery cycle. Thus, the force 956 can be characterized for normal and expected fluid
delivery cycles and for downstream occlusion conditions, and the detection circuit 946
can be designed and programmed in an appropriate manner to respond to changes in the
detected force profile that might be indicative of a downstream occlusion.

[00175] Downstream Occlusion Detection: Methodology 6

[00176] The occlusion detection methodology presented in this section utilizes a
potentiometer as a sensing element to determine the axial position of the rotor of the fluid
pump mechanism. In this regard, FIG. 23 is a simplified perspective view of an
exemplary embodiment of a rotor 960 having an electrical contact 962 attached thereto,
and FIG. 24 is a simplified diagram of an exemplary embodiment of an occlusion
detection system that cooperates with the rotor 960. The occlusion detection system also

includes a variable resistance element 964 that cooperates with the electrical contact 962
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to form a potentiometer. The electrical contact 962 and the variable resistance element
964 can be electrically coupled to a detection circuit 966, which supports the occlusion
detection methodology described here. In practice, the variable resistance element 964
can be realized as a component of the detection circuit 966. Moreover, the variable
resistance element 964 can be integrated with or coupled to the stator of the fluid pump
mechanism if so desired.

[00177] The electrical contact 962 can be realized as a conductive tab, brush, or
protrusion that extends from an exterior surface 968 of the rotor 960. The electrical
contact 962 is shaped, sized, and positioned on the exterior surface 968 such that it makes
electrical contact with the variable resistance element 964 once per revolution of the rotor
960. In certain embodiments, the electrical contact 962 is grounded such that it cooperates
with the variable resistance element 964 to form a voltage divider. Although not depicted
in FIG. 23 or FIG. 24, the electrical contact 962 can be electrically coupled to ground
potential using conductive traces, a ground spring, a wire, or the like.

[00178] FIG. 24 depicts the rotor 960 at the sensor interrogation time, i.e., when the
electrical contact 962 is touching the variable resistance element 964. The angular
position of the rotor 960 (at the time the electrical contact 962 is electrically coupled to
the variable resistance element 964) corresponds to a desired interrogation or sampling
point of the Muid delivery cycle. For example, the electrical contact 962 can be placed
such that 1t contacts the variable resistance element 964 immediately following each
expected fluid expulsion period (see FIG. 15). The specific timing can be determined
based on the known angular position characteristics of the fluid pump mechanism.
[00179]  As explained previously with reference to FIGS. 5-14, the rotor 960 is axially
displaced as a function of its angular position. The arrow 970 in FIG. 24 represents the
axial displacement of the rotor 960. Axial displacement of the rotor 960 causes the
electrical contact 962 to shift back and forth, because the electrical contact 962 is fixed
relative to the rotor 960. During normal and expected fluid delivery cycles, the electrical
contact 962 should make contact with the variable resistance element 964 within a
predictable and repeatable range of possible locations. Consequently, the resistance of the
potentiometer changes, and a measured quantity (e.g., voltage) as detected by the
detection circuit 966 will be within a certain range during normal delivery cycles. In
contrast, the electrical contact 962 will touch the variable resistance element 964 at a
considerably different location when the downstream [luid {low path is occluded.

Accordingly, the resistance of the potentiometer and the measured voltage will be outside
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of the normal range of values when the output flow path is occluded. The detection circuit
966 can be designed and programmed in an appropriate manner to respond to changes in
the resistance of the potentiometer that might be indicative of a downstream occlusion.
[00180] FIG. 24 depicts an embodiment where the electrical contact 962 resides on the
rotor 960 and the variable resistance element 964 is external to the rotor 960. In other
embodiments, the variable resistance element 964 resides on the rotor 960 and the
electrical contact 962 is external to the rotor 960. Regardless of which configuration is
used, the operating principle remains the same.

[00181] Downstream Occlusion Detection: Methodology 7

[00182] The occlusion detection methodology presented in this section utilizes an
electrical contact as a digital switch to indicate the presence of a downstream occlusion.
In this regard, FIG. 25 is a simplified diagram of an exemplary embodiment of an
occlusion detection system that utilizes an electrical contact 976 that is integrated with or
affixed to the rotor 978 (similar to that described in the previous section with reference to
FIG. 23 and FIG. 24). The occlusion detection system shown in FIG. 25 includes an
electrically conductive element 980 that 1s external to the rotor 978. The electrically
conductive element 980 is positioned and arranged such that the electrical contact 976
touches the conductive element 980 at a specified angular position of the rotor 978, e.g.,
the angular position that corresponds (o a period immediately following the MTuid
expulsion cycle of the fluid pump mechanism.

[00183] FIG. 25 depicts the normal and expected state following the fluid expulsion
cycle. The electrical contact 976 is expected to make contact with the conductive element
980. In contrast, if the downstream flow path is occluded, then the electrical contact 976
will be displaced from the conductive element 980. The detection circuit 982 can
distinguish between a closed electrical contact (which indicates normal delivery status)
and an open electrical contact (which indicates an occluded status). In practice, therefore,
the electrical contact 976 can be grounded or otherwise held at an appropriate reference
voltage In some embodiments, a second electrically conductive element 984 can be
utilized to detect an occluded state, wherein the conductive element 984 is positioned to
be aligned with the electrical contact 976 when the rotor 978 is in the shifted position
caused by an occlusion.

[00184] Downstream Occlusion Detection: Methodology 8

[00185] The occlusion detection methodology presented in this section utilizes an

electrical contact having a variable resistance that indicates the presence of a downstream
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occlusion. In this regard, FIG. 26 is a simplified end view of a stator 990 having an
electrically conductive rim 992, and FIG. 27 is a simplified diagram of an exemplary
embodiment of an occlusion detection system that cooperates with the stator 990. FIG. 27
also depicts a rotor 994 that cooperates with the stator 990. The rotor 994, the stator 990,
and the associated fluid pump mechanism function in the manner generally described
above with reference to FIGS. 5-16. For the sake of simplicity and clarity, the various
electrical connections and detection circuit are not shown in FIG. 27.

[00186] The illustrated embodiment of the stator 990 terminates at the conductive rim
992, which faces the rotor 994 (see FIG. 27). The conductive im 992 is electrically
coupled to the detection circuit. The rotor 994 includes an electrically conductive contact
996, which may be realized as a conductive brush, tab, spring, or the like. The conductive
contact 996 is also electrically coupled to the detection circuit. The conductive contact
996 maintains physical and electrical contact with the conductive rim 992 during
operation of the fluid pump mechanism, regardless of whether the downstream fluid flow
path is occluded. In this regard, as the rotor 994 spins relative to the stator 990, the
conductive contact 996 follows the circular path of the conductive rim 992.

[00187] The conductive contact 996 is designed such that the resistance of the
conductive contact 996 varies as a function of its physical compression and/or deflection.
The conductive contact 996 compresses or dellects more as the gap between the rotor 994
and the conductive rim 992 closes. Conversely, the conductive element expands or returns
to its nominal shape as the gap increases. Thus, the resistance of the conductive contact
996 changes as a function of the axial displacement of the rotor 994 relative to the stator
990. The resistance between the conductive contact 996 and the conductive rim 992 can
be measured by the detection circuit, which can be suitably designed and programmed to
respond to changes in the measured resistance that might be indicative of a downstream
occlusion. For example, under normal and expected operating conditions, the detection
circuit expects to obtain a resistance measurement that falls within a particular range
when the angular position of the rotor corresponds to the period immediately following
the fluid expulsion cycle. If a downstream occlusion prevents the rotor 994 from moving
toward the stator 990, then the measured resistance will be different by at least a threshold
amount. The detection circuit can respond in an appropriate manner to such detected
changes in the measured resistance.

[00188] The arrangement depicted in FIG. 26 and FIG. 27 can also be configured for

use as a simple on/off switching mechanism. In this context, the detection circuit can be
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designed to detect whether or not the conductive contact 996 is electrically coupled to the
conductive rim 992. For this alternative implementation, the conductive contact 996 and
the conductive rim 992 are configured such that an electrical connection is made only
when the stator cam element resides on the reference surface. The detection circuit can
detect the presence of a downstream occlusion in a manner similar to that described above
with reference to FIGS. 17-19.

[00189] Downstream Occlusion Detection: Methodology 9

[00190] The occlusion detection methodology presented in this section utilizes a force
sensor that generates output levels that can be analyzed to determine whether the
downstream fluid path is occluded. In this regard, FIG. 28 is a simplified diagram of an
exemplary embodiment of an occlusion detection system that utilizes one or more force
sensors in cooperation with the fluid pump mechanism. FIG. 28 depicts a stator 1002, a
rotor 1004, and a biasing element 1006 of a fluid pump mechanism that functions in the
manner generally described above with reference to FIGS. 5-16. FIG. 28 also shows a
force sensor 1008 positioned between the rotor 1004 and the stator 1002, and another
force sensor 1010 positioned such that it can measure the biasing force of the biasing
element 1006. One or both of the force sensors 1008, 1010 can be utilized in an
embodiment of the fluid infusion device. The force sensors 1008, 1010 are suitably
designed and conligured to generale oulput levels in response o [orce imparted therelo,
and the output levels can be obtained, processed, and analyzed by an appropriate
detection circuit 1012.

[00191] For the illustrated embodiment, the force sensor 1008 is positioned and
configured to measure force applied by the stator 1002 to the force sensor 1008. Thus, the
force sensor 1008 can be located on a flange, shoulder, or other structural feature of the
rotor 1004 such that the stator 1002 (or a physical feature thereof) can interact with the
force sensor 1008 when necessary to obtain force measurements. In alternative
embodiments, the force sensor 1008 can be positioned and configured to measure force
applied by the rotor 1004 to the force sensor 1008. In this regard, the force sensor 1008
can be located on a flange, shoulder, or other structural feature of the stator 1002 such
that the rotor 1004 (or a physical feature thereof) can interact with the force sensor 1008
when necessary to obtain force measurements.

[00192] The force sensor 1010 can be positioned and configured to measure the force
applied by the biasing element 1006 to the rotor 1004, the force applied by the rotor 1004
to the biasing element 1006, etc. FIG. 28 depicts the force sensor 1010 coupled between

Date Regue/Date Received 2020-07-08



51

one end of the biasing element 1006 and a supporting structure 1014 of the fluid infusion
device. In alternative implementations, the force sensor 1010 can be coupled between the
other end of the biasing element 1006 and the rotor 1004. It should be appreciated that
other arrangements and locations for a force sensor can be utilized in an embodiment, and
that the configuration shown in FIG. 28 1s not intended to be restrictive or limiting.
[00193] The force sensor 1008, 1010 is designed to react in response to force imparted
thereto. In this regard, electrical, mechanical, magnetic, and/or other measurable or
detectable characteristics of the force sensor 1008, 1010 vary in accordance with the
amount of force applied to the force sensor 1008, 1010. In practice, the force sensor 1008,
1010 might implement or otherwise leverage known sensor technologies. As shown in
FIG. 28, the force sensor 1008, 1010 includes at least one electrical lead that is
electrically coupled to the detection circuit 1012 of the fluid infusion device.
Alternatively, the force sensor 1008, 1010 could use wireless data communication
technology to provide force-related data to the detection circuit 1012, In certain
implementations, the force sensor 1008, 1010 is suitably configured to indicate or
generate a plurality of different output levels that can be monitored and/or determined by
the detection circuit 1012. In practice, the output levels obtained from the force sensor
1008, 1010 are initially conveyed as analog voltages or analog currents, and the detection
circuil 1012 includes an analog-lto-digital converter that transforms a sampled analog
voltage into a digital representation. Conversion of sensor voltage into the digital domain
is desirable for ease of processing, comparison to threshold values, and the like.

[00194] In particular embodiments, the force sensor 1008, 1010 is realized as an
electromechanical component having at least one variable resistance that changes as the
force applied to the force sensor 1008, 1010 changes. In alternative embodiments, the
force sensor 1008, 1010 is a capacitive sensor, a piezoresistive sensor, a piezoelectric
sensor, a magnetic sensor, an optical sensor, a potentiometer, a micro-machined sensor, a
linear transducer, an encoder, a strain gauge, or the like, and the detectable parameter or
characteristic might be compression, shear, tension, displacement, distance, rotation,
torque, force, pressure, or the like. In practice, changing characteristics of the force sensor
1008, 1010 are associated with output signal characteristics that are responsive to a
physical parameter to be measured. Moreover, the range and resolution of the monitored
output signal provides for the desired number of output levels (e.g., different states,
values, quantities, signals, magnitudes, frequencies, steps, or the like) across the range of

measurement. For example, the force sensor 1008, 1010 might generate a low or zero
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value when the applied force is relatively low, a high or maximum value when the applied
force is relatively high, and intermediate values when the applied force is within the
detectable range.

[00195] In certain exemplary embodiments, the detection circuit 1012 of the (luid
infusion device maintains a constant supply voltage across the force sensor 1008, 1010,
and the monitored output signal of the force sensor 1008, 1010 is a signal current that
passes through a resistive material of the force sensor 1008, 1010. Thus, the signal current
varies with the amount of force applied to the force sensor 1008, 1010 because the
resistance of the force sensor 1008, 1010 varies with force and the supply voltage across
the force sensor 1008, 1010 is constant. The detection circuit 1012 converts the monitored
signal current into a signal voltage, which is then used as an indication of the force
imparted to the force sensor 1008, 1010 (which varies as a function of axial displacement
of the rotor 1004 relative to the stator 1002). In alternative embodiments, a constant
supply current is used and the signal voltage across the force sensor 1008, 1010 varies
with force.

[00196] As explained above with reference to FIGS. 5-16, the axial displacement of
the rotor 1004 (relative to the stator 1002) exhibits a predictable back and forth pattern
that corresponds to each pumping cycle of the fluid pump mechanism. For the force-
based methodology presented in this section, the force sensor 1008, 1010 generates output
levels in response to force imparted thereto, and the force sensor 1008, 1010 cooperates
with the detection circuit 1012 for purposes of occlusion detection. To this end, the
detection circuit 1012 obtains and processes the sensor output levels to detect occlusions
in the fluid path downstream of the fluid pump mechanism. In accordance with the
exemplary methodology described here, the force sensor 1008, 1010 is used to obtain
force measurements following each fluid expulsion period and before the next fluid intake
period. Moreover, the force measurements are obtained when the outlet valve is open.
(see FIG. 15 and FIG. 16).

[00197] Under normal and expected operating conditions, the axial displacement of the
rotor 1004 should be zero or very close to zero during the force measurement period
because the biasing element 1006 should force the rotor 1004 into the stator 1002 to expel
fluid from the outlet valve. Consequently, the force sensor 1008, 1010 generates baseline
or nominal output levels that fall within a range of expected output levels. If the force

sensor 1008 is utilized, then the nominal output levels will translate 1o a relatively high
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force measurement. Conversely, if the force sensor 1010 is utilized, then the nominal
output levels will translate to a relatively low force measurement.

[00198] Under downstream occlusion conditions, however, fluid pressure can prevent
or inhibit axial displacement of the rotor 1004 toward the stator 1002 (see FIG. 16). As a
result, the force sensor 1008, 1010 generates outlier output levels that fall outside the
range of expected output levels. The outlier output levels are indicative of a downstream
occlusion. More specifically, the detection circuit 1012 can detect and determine the
presence of a downstream occlusion in response to obtaining the outlier output levels. For
example, if the detection circuit 1012 observes outlier output levels that satisfy certain
threshold criteria (e.g., above or below a predetermined threshold value for any one
pumping cycle or for a specified number of consecutive pumping cycles), then the
detection circuit 1012 can declare that a downstream occlusion has occurred and,
thereafter, take appropriate action.

[00199] If the force sensor 1008 is deployed, then a downstream occlusion will result
in output levels that translate o relatively low force measurements that can be detected
and distinguished from normal and expected force measurements (which will be higher).
Conversely, if the force sensor 1010 is used, then a downstream occlusion will result in
output levels that translate to relatively high force measurements that can be detected and
distinguished from normal and expected (orce measurements (which will be lower).
Regardless of which force sensor 1008, 1010 1s employed, the detection circuit 1012 can
respond in an appropriate manner when it detects a downstream occlusion based on
outlier force sensor readings.

[00200] Downstream Occlusion Detection: Methodology 10

[00201] The occlusion detection methodology presented in this section assumes that
the fluid pump mechanism described above (with reference to FIGS. 5-16) uses a
conductive compression spring as the biasing element 506. The conductive spring is
electrically coupled to a detection circuit that 1s suitably configured to measure the
inductance of the conductive spring. In practice, the detection circuit can include an
inductance-to-digital converter to obtain readings that are indicative of the inductance of
the conductive spring.

[00202] The inductance of the conductive spring is a function of its
compression/extension. Accordingly, the measured inductance of the conductive spring
should vary as a function of the axial displacement of the rotor relative to the stator. Thus,

the measured inductance can be analyzed at certain times during the pumping cycle for
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purposes of determining whether or not a downstream occlusion has occurred. For
example, the inductance of the conductive spring can be checked at the time immediately
following each fluid expulsion cycle, when the rotor cam element is expected to be in
contact with the reference surface (see FIG. 15 and FIG. 16). Measured inductance values
that fall within a range of expected values are indicative of normal operating conditions.
In contrast, measured inductance values that fall outside the range of expected values may
be indicative of a downstream occlusion.

[00203] Downstream Occlusion Detection: Methodology 11

[00204] The occlusion detection methodology presented in this section utilizes optical
detection techniques to determine whether the downstream fluid path is occluded. In
accordance with one implementation, an optical sensor or detector interrogates an
optically detectable pattern (such as a dot array) that is printed on an exposed surface of
the rotor of the fluid pump mechanism. In accordance with an alternative implementation,
an optical sensor or detector interrogates a physical structure of the rotor.

[00205] FIG. 29 is a simplified diagram of an exemplary embodiment of an occlusion
detection system that utilizes optical sensing technology. FIG. 29 depicts a stator 1022
and a rotor 1024 of a fluid pump mechanism that functions in the manner generally
described above with reference to FIGS. 5-16. The rotor 1024 includes at least one
optically detectable leature that can be monitored during the operation of the [luid pump
mechanism. In this regard, FIG. 28 also shows an exemplary embodiment of an optically
detectable feature, which is realized as an optically detectable pattern 1026 located on an
exposed surface 1028 of the rotor 1024. For the illustrated embodiment, the optically
detectable pattern 1026 is a dot array, which can be printed, affixed to, or integrated into
the exposed surface 1028. Other types of optically detectable patterns 1026 can be
emploved if so desired.

[00206] The optically detectable pattern 1026 can be located around the outer
circumference of the endcap of the rotor 1024, as depicted in FIG. 29. In certain
embodiments, the optically detectable pattern 1026 is visible regardless of the angular
position of the rotor 1024. In other embodiments, the optically detectable pattern 1026
need not completely encircle the exposed surface 1028. In such embodiments, the
optically detectable pattern 1026 can be located in one or more regions of the rotor 1024,
where the regions correspond to angular positions of the rotor 1024 that require optical

sensing,
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[00207]  The flud infusion device includes a detection circuit 1030 that includes an
optical emitter/sensor element 1032, along with the appropriate optical sensing processing
logic and intelligence. The detection circuit 1030 can leverage any known or available
optical sensing or detection technology, and such conventional technology will not be
described in detail here. For example, the detection circuit 1030 can employ LED or laser
sensing technology that is commonly used in optical mouse peripherals. In this regard, an
optical mouse contains a small LED that interrogates a work surface, and a CMOS sensor
that detects the reflected light. The sensor sends the captured image data to a signal
processor for analysis to determine how the images/patterns have changed over time. In
practice, the detection circuit 1030 may include a suitably configured emitter that
generates optical interrogation signals, and a compatible sensor that can detect the pattem
1026 in response to the interrogation signals. In this way, the detection circuit 1030 can
resolve any or all of the following, at any given time: the angular position of the rotor
1024; the axial position/displacement of the rotor 1024; the angular velocity of the rotor
1024; the angular acceleration of the rotor 1024; the velocity of the rotor 1024 in the
axial direction; and the acceleration of the rotor 1024 in the axial direction.

[00208] Notably, the optically detectable pattern 1026 is fixed relative to the exposed
surface 1028 and, therefore, the optically detectable pattern 1026 rotates and axially
translates as a function of the angular position of the rotor 1024 As described in detail
above with reference to FIGS. 5-16, one rotation of the rotor 1024 corresponds to one
pumping cycle, and the rotor 1024 (along with the pattern 1026) axially translates back
and forth during normal and expected operating conditions. Accordingly, the optical
emitter/sensor element 1032 includes an optical sensing range that covers the desired
portion of the optically detectable pattern 1026, and that contemplates the range of axial
displacement of the rotor 1024. This allows the detection circuit 1030 to optically
interrogate the pattern 1026 during operation of the fluid pump mechanism and, in
response to the optical detection, determine the operating condition or state of the fluid
pump mechanism.

[00209] As explained above with reference to FIGS. 5-16, the rotor 1024 axially
translates in a predictable back-and-forth manner when the fluid infusion device is
operating under normal and expected conditions. In turn, the optically detectable pattern
1026 axially translates in the same predictable manner. The detection circuit 1030 is
configured to observe this characteristic movement of the pattern 1026, which is

indicative of normal operating conditions. In this regard, the detection circuit 1030 can
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determine that the operating condition of the fluid pump mechanism is normal. The
pattern 1036 can also be observed to detect rotation of the rotor 1024 for purposes of
correlating the angular position of the rotor 1024 with its axial displacement (if so
desired).

[00210] Under downstream occlusion conditions, the rotor 1024 does not return to its
nominal axial position. In other words, the fluid pressure caused by a downstream
occlusion prevents the rotor cam element from contacting the reference surface as
expected. Consequently, during each occluded pumping cycle, the optically detectable
pattern 1026 axially translates in accordance with a different characteristic movement that
is optically distinguishable from the normally expected characteristic movement. Thus,
the detection circuit 1030 can observe the different characteristic movement to determine
that the operating condition of the fluid pump mechanism corresponds to a downstream
occlusion.

[00211] In accordance with alternative embodiments, the optically detectable feature of
the rotor is realized as a physical structure (or structures) that can be observed by the
detection circuit. In this regard, FIG. 30 is a simplified perspective view of an exemplary
embodiment of a rotor 1040 having physical features that cooperate with an optical
detection circuit (not shown), and FIG. 31 is a side view of a section of the rotor 1040.
[00212]  FIG. 30 depicts the portion of the rotor 1040 thal remains exposed during
operation of the fluid pump mechanism, including an endcap 1042 and a tapered section
1044 having an asymmetrical profile (see FIG. 31). The tapered section 1044 represents
one physical structure of the rotor 1040 that can be optically interrogated by a detection
circuit such as the detection circuit 1030 described previously. The tapered section 1044
can be realized as an integrated portion of the rotor 1040, or it could be a separate
component that is attached to the shaft of the rotor 1040. It should be appreciated that the
optically detectable physical structure can be shaped, sized, and configured in an alternate
way, and that the generally conical tapered section 1044 shown in FIG. 30 and FIG. 31 is
merely one example of a suitable implementation.

[00213] The optical interrogation signal can be focused at a specified location such that
different areas of the tapered section 1044 are observed as the rotor 1040 is displaced in
the axial direction. For example, a narrower section 1046 of the tapered section 1044 can
be observed when the rotor 1040 returns to its nominal baseline position (immediately
following fluid expulsion), and a wider section 1048 of the tapered section 1044 can be

observed when the rotor 1040 1s axially displaced during a fluid intake cycle.
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[00214] The detection circuit can be designed to detect the different widths of the
tapered section 1044 and to determine whether or not the downstream fluid path is
occluded, based on the detected width and the angular position of the rotor 1040,
Alternatively, the detection circuit can be designed to detect the distance between the
exposed surface of the tapered section 1044 and the optical emitter, and to determine
whether or not the downstream fluid path is occluded, based on the detected distance and
the angular position of the rotor 1040.

[00215] The rotor 1040 can also include another optically detectable physical feature,
such as a tab 1050 located around the periphery of the endcap 1042. The detection circuit
can include a second optical emitter/sensor to interrogate the periphery of the endcap
1042 for purposes of detecting the rotation of the rotor 1040. In this regard, the tab 1050
is optically detected once per revolution of the rotor 1040. Notably, the tab 1050 can be
located in a particular position on the rotor 1040 in accordance with the desired timing
characteristics of the detection circuit, the expected axial translation characteristics, and
the confliguration of the tapered section 1044 such that the detection circuit can
effectively determine whether or not a downstream occlusion has occurred during rotation
of the rotor 1040.

[00216] Upstream Occlusion Detection (End Of Reservoir Detection)

[00217]  As mentioned previously with reference to FIGS. 1-4, the (Tuid inlusion device
cooperates with a fluid cartridge module 104 having a fluid reservoir. The fluid reservoir
has a fluid-tight plunger, piston, or stopper that is pulled up by the negative pressure
created by the fluid pump mechanism during each fluid intake cycle. The negative
pressure draws the medication fluid out of the fluid reservoir, through the inlet conduit,
and into the fluid pump mechanism. If the piston gets stuck in the fluid reservoir, then the
fluid pump mechanism will not be able to draw any fluid from the reservoir. This fault
condition is known as an upstream occlusion because the fluid flow path leading into the
fluid pump mechanism is effectively blocked. Similarly, if the fluid reservoir is empty,
then the fluid pump mechanism will be pulling on a vacuum rather than drawing in fluid.
This condition can also be considered an upstream occlusion because the patient will not
be receiving the expected amount of medication fluid when the reservoir is empty.
[00218] The following sections relate to various techniques and technologies for
detecting an empty fluid reservoir (also referred to as an upstream occlusion). These
techniques are desirable to increase the safety of a medication infusion device. With

particular reference to the fluid pump mechanism described here, end of reservoir
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detection can employ one or more of the following general methodologies, without
limitation: (1) detecting that the stopper has reached an end position; (2) detecting that the
fluid pump mechanism is pulling on a vacuum rather than drawing in fluid; (3)
measurement of the stopper position over the length of the reservoir; and (4) observing
axial displacement characteristics of the rotor relative to the stator.

[00219] Upstream Occlusion Detection: Methodology 1

[00220] The upstream occlusion detection methodology presented in this section relies
on a sensor that detects when the stopper of the fluid reservoir it at or near its end
position. In this regard, FIG. 32 is a simplified diagram of an exemplary embodiment of
an end of reservoir detection system interrogating a fluid reservoir 1060 at a time when
medication fluid 1062 remains in the fluid reservoir 1060, and FIG. 33 is a simplified
diagram of the system at a time when the fluid reservoir 1060 1s empty. The fluid
reservoir 1060 is coupled to a fluid pump mechanism 1064 via a conduit 1065. The fluid
pump mechanism 1064 can be designed and configured as described above with reference
to FIGS. 5-16.

[00221]  The fluid reservoir 1060 includes a barrel 1066 and a stopper 1068 that creates
a fluid tight seal with the inner wall of the barrel 1066. The stopper 1068 is shaped, sized,
and configured to slide within the barrel 1066 as the medication fluid 1062 is drawn out.
As explained above, the [Tuid pump mechanism 1064 creates negative pressure during
each fluid intake cycle, and the negative pressure causes the medication fluid 1062 to
enter the chamber of the fluid pump mechanism 1064. This action also causes the stopper
1068 to move (to the right in FIG. 32 and FIG. 33) within the barrel 1066.

[00222] The embodiment of the system shown in FIG. 32 and FIG. 33 includes a
detection circuit 1070 that is suitably configured to interrogate, observe, or otherwise
detect the position of the stopper 1068 as it approaches and/or reaches its end position
(shown in FIG. 33). Accordingly, in certain embodiments the barrel 1066 is clear or
translucent to accommodate the operation of the detection circuit 1070. The detection
circuit 1070 can utilize one or more of the following sensing technologies, without
limitation: optical; acoustical; imaging; ultrasound; infrared; or magnetic. The detection
circuit 1070 can include an interrogation signal emitter 1072 that generates interrogation
signals (acoustic, optical, magnetic, etc.) for purposes of determining when the stopper
1068 has reached its end position, which corresponds to the “end of reservoir” state. In
some embodiments, the stopper 1068 can include an index feature that can be quickly and

easily detected by the detection circuit 1070 when the stopper 1068 reaches its end
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position. Depending on the particular implementation, the index feature can be, without
limitation: a visible marking; a physical feature such as an indentation; a colored region;
an electrically, magnetically, or inductively detectable sensor element; or the like.

[00223] The detection circuit 1070 can take appropriate action when it determines that
the stopper 1068 has reached the endpoint (or is near the endpoint). For example, the
detection circuit 1070 can initiate an alert, an alarm, or a message intended for the user or
a caregiver. Moreover, the detection circuit 1070 can be suitably configured to monitor
the movement (or lack thereof) of the stopper 1068 during operation of the fluid pump
mechanism 1064 to determine whether or not the stopper 1068 is traveling in an expected
and ordinary manner in response to pumping cycles. In this regard, the detection circuit
1070 can be utilized to check whether or not the stopper 1068 is frozen in the barrel 1066,
whether or not the movement of the stopper 1068 is impeded, or the like.

[00224]  Upstream Occlusion Detection: Methodology 2

[00225] The upstream occlusion detection methodology presented in this section relies
on a mechanical switch to detect when the stopper of the fluid reservoir it at or near its
end position. In this regard, FIG. 34 is a simplified diagram of an exemplary embodiment
of an end of reservoir detection system that implements a mechanical switch concept. The
embodiment depicted in FIG. 34 employs an outlet conduit 1080 as one component of a
swilch 1082. The outlet conduit 1080 has an inlet end 1084 that cooperates with a [Tuid
reservoir 1086, an outlet end 1088 in fluid communication with a fluid pump mechanism
(not shown), and a switch contact section 1090 between the inlet end 1084 and the outlet
end 1088. The fluid reservoir 1086 provides medication fluid to the fluid pump
mechanism in the manner described in the previous section. The manner in which the
fluid pump mechanism functions will not be redundantly described in detail here.

[00226] The inlet end 1084 of the outlet conduit 1080 is designed to penetrate a septum
1092 of the fluid reservoir 1086. The inlet end 1084 enters the barrel of the fluid reservoir
1086 to establish fluid communication with the medication fluid inside the barrel. As
explained in the immediately preceding section, a stopper 1094 of the fluid reservoir 1086
is pulled toward the inlet end 1084 during pumping cycles. Eventually, the stopper 1094
reaches the end position shown in FIG. 34. At or near the end position, the stopper 1094
physically contacts the inlet end 1084 of the outlet conduit 1080, and continued
movement of the stopper 1094 toward its end position causes the switch contact section
1090 of the outlet conduit 1080 to deflect toward a switch contact pad 1096. FIG. 34

depicts the deflected state of the switch contact section 1090 in dashed lines.
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[00227] The switch contact pad 1096 can be mounted to a circuit board 1098 or any
suitable structure. The switch contact section 1090 of the outlet conduit 1080 1s formed
from an electrically conductive material. The switch contact pad 1096 is also formed from
an electrically conductive material. These two components cooperate to form a
mechanical switch (for simplicity and clarity, the electrical connections and leads are not
shown in FIG. 34). The circuit board 1098 may be utilized with a suitably designed
detection circuit that detects when the switch contact section 1090 touches the switch
contact pad 1096. In other words, the detection circuit detects whether the switch 1082 is
open or closed. If the switch 1082 is open, the detection circuit determines that the fluid
reservoir 1086 is not empty. Conversely, if the switch 1082 is closed, the detection circuit
determines that the fluid reservoir 1086 is at the “end of reservoir” state. The detection
circuit can take appropriate action when it detects closure of the switch 1082. For
example, the detection circuit can initiate an “end of reservoir” alert, an alarm, or a
message intended for the user or a caregiver.

[00228] Upstream Occlusion Detection: Methodology 3

[00229]  The upstream occlusion detection methodology presented in this section
employs an electrically conductive fluid reservoir stopper (or a stopper having an
electrically conductive region). In this regard, FIG. 35 is a simplified diagram of an
exemplary embodiment of an end of reservoir detection sysiem that utilizes a conductive
stopper 1102 of a fluid reservoir 1104. The fluid reservoir 1104 provides medication fluid
to a fluid pump mechanism of the type described above. The manner in which the fluid
pump mechanism functions and cooperates with the fluid reservoir 1104 will not be
redundantly described in detail here.

[00230] The fluid infusion device includes an outlet conduit 1106 having an inlet end
1108 and an outlet end 1110. The inlet end 1108 is designed to penetrate a septum 1112
of the fluid reservoir 1104, and the outlet end 1110 is in fluid communication with the
fluid pump mechanism. The inlet end 1108 enters the barrel of the fluid reservoir 1104 to
establish fluid communication with the medication fluid inside the barrel. The fluid
infusion device also includes an electrically conductive needle 1114. The needle 1114 has
a contact end 1116 that is designed to penetrate the septum 1112 for entry into the barrel
of the fluid reservoir 1104. The outlet conduit 1106 and the needle 1114 are electrically
connected to a suitably configured detection circuit (not shown). For example, the needle
1114 can be connected to a negative voltage terminal and the outlet conduit 1106 can be

connected to a positive voltage terminal (or vice versa).
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[00231] As explained above, the stopper 1102 of the fluid reservoir 1104 travels
toward the inlet end 1108 of the outlet conduit 1106 during pumping cycles. Eventually,
the stopper 1102 reaches the end position (shown in FIG. 35) and makes contact with the
inlet end 1108 of the outlet conduit 1106 and with the contact end 1116 of the needle
1114. Notably, the area of the stopper 1102 that makes contact with the outlet conduit
1106 and the needle 1114 is electrically conductive. In practice, the stopper 1102 can be
fabricated from an electrically conductive material, or an electrically conductive film or
patch can be affixed to the top of the stopper 1102. When the stopper 1102 reaches the
end position shown in FIG. 35, the outlet conduit 1106 is shorted with the needle 1114.
This action is akin to the closing of a switch (as described in the immediately preceding
section), which can be monitored and detected by the detection circuit. Thus, if the fluid
reservoir 1104 is not empty, the stopper 1102 will not create a short across the needle
1114 and the outlet conduit 1106. Conversely, when the stopper 1102 reaches its end
position, the needle 1114 is shorted with the outlet conduit 1106 and the detection circuit
determines that the fluid reservoir 1104 is at the “end of reservoir” state. The detection
circuit can take appropriate action when it detects this state. For example, the detection
circuit can initiate an “end of reservoir’” alert, an alarm, or a message intended for the user
or a caregiver.

[00232] Upstream Occlusion Detection: Methodology 4

[00233] The upstream occlusion detection methodology presented in this section
utilizes an excitation signal applied to the fluid reservoir to determine the volume of fluid
remaining in the reservoir. In this regard, FIG. 36 is a simplified diagram of an exemplary
embodiment of an end of reservoir detection system that can be used to analyze the
condition of a fluid reservoir 1120 of the type described previously herein. The fluid
reservoir 1120 provides medication fluid to a fluid pump mechanism of the type
described above. The manner in which the fluid pump mechanism functions and
cooperates with the fluid reservoir 1120 will not be redundantly described in detail here.
[00234] The fluid infusion device that hosts the fluid reservoir 1120 includes a suitably
configured detection circuit (not shown) that includes, controls, or otherwise cooperates
with an excitation signal generator 1122 and an associated sensor 1124. The excitation
signal generator 1122 can be coupled to the fluid reservoir 1120 for purposes of applying
an excitation signal to the fluid reservoir 1120. The excitation signal can be, for example,
a vibration signal having a particular frequency or a particular frequency spectrum that is

suitable for measuring the resonance or other response of the fluid reservoir 1120. The

Date Regue/Date Received 2020-07-08



62

resonance of the fluid reservoir 1120 is influenced by the volume and/or mass of the fluid
remaining in the fluid reservoir 1120. In practice, the resonance of the fluid reservoir
1120 can be empirically determined or otherwise characterized for purposes of
programming the detection circuil. Accordingly, the detection circuit can obtain and
analyze the response signal in an appropriate manner to determine whether or not the
fluid reservoir 1120 is empty. If the response signal is indicative of an empty reservoir,
the detection circuit can take appropriate action, e.g., initiate an “end of reservoir™ alert,
an alarm, or a message intended for the user or a caregiver.

[00235]  Upstream Occlusion Detection: Methodology 5

[00236] The upstream occlusion detection methodology presented in this section uses a
force sensor to measure the position of a fluid reservoir stopper. In this regard, FIG. 37 is
a simplified diagram of an exemplary embodiment of an end of reservoir detection system
for a fluid reservoir 1130 of a fluid infusion device. The fluid reservoir 1130 provides
medication fluid to a fluid pump mechanism of the type described above. The manner in
which the fluid pump mechanism functions and cooperates with the fluid reservoir 1130
will not be redundantly described in detail here.

[00237] The fluid infusion device that hosts the fluid reservoir 1120 includes a suitably
configured detection circuit 1132 that includes, controls, or otherwise cooperates with a
force sensor 1134 The (orce sensor 1134 can be configured as described above with
reference to FIG. 28. The force sensor 1134 can be used to measure the force imparted by
a biasing element 1136 (such as a spring) that is coupled to the stopper 1138 of the fluid
reservoir 1130. The tension characteristics of the biasing element 1136 are selected such
that the biasing element 1136 cannot independently move the stopper 1138. In other
words, the force applied by the biasing element 1136 is too low to overcome the static
friction of the stopper 1138, and the biasing element 1136 is not utilized to actuate the
stopper 1138 or to otherwise deliver fluid from the fluid reservoir 1130. Rather, the
stopper 1138 is designed to move only in response to the negative fluid pressure caused
by the normal operation of the fluid pump mechanism, as described in detail above.
Consequently, the biasing element 1136 is strictly utilized to provide a force
measurement that corresponds to the position of the stopper 1138 within the fluid
reservoir 1130.

[00238] The force measurements obtained or otherwise processed by the detection
circuit 1132 vary in accordance with the position of the stopper 1138. When the fluid
reservoir 1130 is full, the stopper 1138 is located at or near the base end of the fluid
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reservoir 1130 and, therefore, the spring force detected by the force sensor 1134 is
relatively high. Conversely, when the fluid reservoir 1130 is empty, the stopper 1138 is
located at its end position near the neck of the fluid reservoir 1130. When the stopper
1138 is at the end position, the spring force measured by the force sensor 1134 is
relatively low. Accordingly, the detection circuit 1132 can obtain and analyze the output
of the force sensor 1134 in an appropriate manner to determine whether or not the fluid
reservoir 1130 is empty. If the measured force is indicative of an empty reservoir, the
detection circuit 1132 can take appropriate action, e.g., initiate an “end of reservoir™ alert,
an alarm, or a message intended for the user or a caregiver.

[00239] Upstream Occlusion Detection; Methodology 6

[00240] The upstream occlusion detection methodology presented in this section uses a
pressure sensor to measure the position of a fluid reservoir stopper. In this regard, FIG. 38
1s a simplified diagram of an exemplary embodiment of an end of reservoir detection
system for a fluid reservoir 1144 of a fluid infusion device. The fluid reservoir 1144
provides medication fluid to a fluid pump mechanism of the type described above. The
manner in which the fluid pump mechanism functions and cooperates with the fluid
reservoir 1144 will not be redundantly described in detail here.

[00241] The fluid infusion device that hosts the fluid reservoir 1144 includes a suitably
configured detection circuil 1146 that includes, controls, or otherwise cooperates with a
pressure sensor 1148. The pressure sensor 1148 is designed to detect slight changes in the
pressure of a sealed volume 1150 that is associated with the fluid reservoir 1144, In this
regard, FIG. 38 schematically depicts a vent 1152 leading from the sealed volume 1150 to
the pressure sensor 1148. The vent 1152 allows the pressure sensor 1148 to monitor the
pressure inside the sealed volume 1150 during operation of the fluid infusion device.
[00242] The sealed volume 1150 can be defined by suitably configured structure of the
fluid infusion device. The illustrated embodiment, which is merely one possible
implementation, includes a wall structure 1154 that at least partially surrounds the base of
the fluid reservoir 1144. An airtight sealing element 1156 (such as an o-ring or a gasket)
can be used to seal the wall structure 1154 against the outer surface of the fluid reservoir
1144. Tt should be appreciated that the sealed volume 1150 can be defined in any
appropriate way, using additional structures or components if so desired. Moreover, the
shape and size of the sealed volume 1150 can vary from one embodiment to another.
[00243] The pressure measurements obtained or otherwise processed by the detection

circuit 1146 vary in accordance with the position of the stopper 1158 of the fluid reservoir
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1144. In practice, the system is designed and configured such that the sealed volume 1150
does not adversely influence the normal operation of the fluid infusion device. For
example, the sealed volume 1150 should not impede the movement of the stopper 1158,
which is caused by {luid intake strokes of the {luid pump mechanism.

[00244] When the fluid reservoir 1144 is full, the stopper 1158 is located at or near the
base end of the fluid reservoir 1144 and, therefore, the sealed volume 1150 is relatively
small. Consequently, the pressure obtained from the pressure sensor 1148 will be
relatively high. Conversely, when the fluid reservoir 1144 is empty, the stopper 1158 is
located at its end position near the neck of the fluid reservoir 1144. When the stopper
1158 is at the end position, the sealed volume 1150 is relatively large and, therefore, the
pressure obtained from the pressure sensor 1148 will be relatively low. Accordingly, the
detection circuit 1146 can obtain and analyze the output of the pressure sensor 1148 in an
appropriate manner to determine whether or not the fluid reservoir 1144 is empty. If the
measured pressure of the sealed volume 1150 is indicative of an empty reservoir, the
detection circuit 1146 can take appropriate action, e.g., initiate an “end of reservoir” alert,
an alarm, or a message intended for the user or a caregiver.

[00245] Upstream Occlusion Detection: Methodology 7

[00246] The upstream occlusion detection methodology presented in this section
measures an inductance (o determine the position of a luid reservoir stopper. In this
regard, FIG. 39 is a simplified diagram of an exemplary embodiment of an end of
reservoir detection system for a fluid reservoir 1162 of a fluid infusion device. The fluid
reservoir 1162 provides medication fluid to a fluid pump mechanism of the type
described above. The manner in which the fluid pump mechanism functions and
cooperates with the fluid reservoir 1162 will not be redundantly described in detail here.
[00247]  The fluid reservoir 1162 is provided with a stopper 1164 having an electrically
conductive target 1166 integrated therein (or affixed thereto). Although the target 1166 is
shown in FIG. 39, it can instead be incorporated into the body of the stopper 1164 and,
therefore, be hidden from view. The shape, size, and configuration of the target 1166 can
differ from that shown in FIG. 39, which merely shows the target 1166 in schematic form.
The target 1166 cooperates with an electrically conductive coil element 1168 that resides
outside of, but in close proximity to, the fluid reservoir 1162. The fluid infusion device
that hosts the fluid reservoir 1162 includes a suitably configured detection circuit 1170
that includes, controls, or otherwise communicates with the coil element 1168. More

specifically, the detection circuit 1170 is connected to the terminals of the coil element

Date Regue/Date Received 2020-07-08



65

1168 such that the detection circuit 1170 can monitor and measure the electrical
inductance of the coil element 1168 during operation of the fluid infusion device.

[00248] The target 1166 and the coil element 1168 are suitably configured such that
the inductance of the coil element 1168 varies (in a measurable manner) as a function of
the position of the stopper 1164. Accordingly, the detection circuit 1170 observes a
variable inductance as the stopper 1164 travels from the base of the fluid reservoir 1162
to the end position. The measured inductance can be correlated to the position of the
stopper 1164, and the inductance corresponding to the end position of the stopper 1164
can be characterized for purposes of detecting the end of reservoir state. If the measured
inductance of the coil element 1168 is indicative of an empty reservoir, the detection
circuit 1170 can take appropriate action, e.g., initiate an “end of reservoir” alert, an alarm,
or a message intended for the user or a caregiver.

[00249]  Upstream Occlusion Detection: Methodology 8

[00250] The upstream occlusion detection methodology presented in this section
measures a capacitance to determine the position of a [luid reservoir stopper. In this
regard, FIG. 40 1s a simplified diagram of an exemplary embodiment of an end of
reservoir detection system for a fluid reservoir 1176 of a fluid infusion device. The fluid
reservoir 1176 provides medication fluid to a fluid pump mechanism of the type
described above. The manner in which the (luid pump mechanism functions and
cooperates with the fluid reservoir 1176 will not be redundantly described in detail here.
[00251] The system described here employs a detection circuit 1178 to measure the
capacitance between a first capacitor electrode 1180 and a second capacitor electrode
1182. Notably, the capacitance measured by the detection circuit 1178 is a function of the
amount of fluid remaining in the fluid reservoir 1176. Consequently. the capacitance
measured by the detection circuit 1178 is also a function of the position of the stopper
1184 of the fluid reservoir 1176.

[00252] FIG. 40 schematically depicts the electrodes 1180, 1182 for purposes of this
description. In practice, the electrodes 1180, 1182 can be integrated into or attached to the
barrel of the fluid reservoir 1176 in a way that accommodates electrical coupling to the
detection circuit 1178. In certain embodiments, the electrodes 1180, 1182 are located on a
structure (such as a circuit board) that 1s held in close proximity to the installed location
of the fluid reservoir 1176. The electrodes 1180, 1182 can be realized as conductive

traces, metallic films, or the like.
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[00253] The detection circuit 1178 is connected to the electrodes 1180, 1182 such that
the detection circuit 1178 can monitor and measure the capacitance between the
electrodes 1180, 1182 during operation of the fluid infusion device. As the fluid gets
depleted from the fluid reservoir 1176, the capacitance between the electrodes 1180, 1182
varies (in a detectable manner), due to the changing dielectric properties of the fluid
reservoir 1176. Accordingly, the detection circuit 1178 observes a variable capacitance as
the fluid exits the fluid reservoir 1176. The measured capacitance can be correlated to the
position of the stopper 1184 and/or to the amount of fluid remaining in the fluid reservoir
1176, and the capacitance corresponding to the end position of the stopper 1184 can be
characterized for purposes of detecting the end of reservoir state. If the measured
capacitance is indicative of an empty reservoir, the detection circuit 1178 can take
appropriate action, e.g., initiate an “end of reservoir” alert, an alarm, or a message
intended for the user or a caregiver.

[00254] Thus, the upstream occlusion detection methodologies 1 to 8 described above
with reference to FIGS. 32-40 illustrate systems in which the upstream occlusion can be
detected by measuring the position of the stopper of a reservoir. When the stopper reaches
its most forward position this is an indication that the reservoir is empty and corresponds
to an upstream occlusion as far as the pump is concerned. The systems therefore illustrate
a pumping system for a medication (luid comprising a reservoir defined by a barrel and
closed at one end by a stopper. The reservoir has an outlet at the other end leading via a
conduit to an infusion pump. The stopper is movable within the barrel between a rearward
position spaced from the outlet when the barrel is full of fluid to a forward position closer
to the outlet when the barrel 1s empty. The system is provided with a device for detecting
the presence of the stopper either at the forward position, thereby indicating that the
barrel is empty or at intermediate positions giving an indication of the fill of the barrel. In
one embodiment, the outlet includes a needle passing through a septum in the outlet, the
needle being positioned to be axially displaced by a contact with the stopper as it arrives
at the forward position there being a switch operable by the needle outside of the barrel to
indicate that the barrel is empty when the switch is actuated. Alternatively, the stopper
and needle can be conductive closing an electrical circuit when the stopper touches the
needle. In other arrangements, a second contact beside the needle 1s bridged by the
presence of the stopper. Intermediate positions of the stopper can be detected by
measuring the force in a spring extending from a position rearwardly of the stopper to a

stopper, the pressure of a gas in the chamber behind the piston, the inductive properties of
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a ferromagnetic or conductive material within the stopper as detected by inductance from
outside the reservoir or directed to detection of the liquid or stopper between the plates of
a capacitor straddling the barrel. The detection of liquid in the barrel can be done by
exciting the barrel rearwardly with respect to the stopper and detecting the excitation
forward of the stopper. When the excitation and detection are either both adjacent, a non-
liquid filled portion transmission between the excitation transducer and the reception
transducer is improved due to the better impedance match.

[00255] Upstream Occlusion Detection: Methodology 9

[00256] The upstream occlusion detection methodology presented in this section
assumes that the fluid infusion device uses a fluid pump mechanism of the type described
above. The methodology measures or calculates the axial velocity of the rotor as it travels
during the fluid expulsion cycle and determines whether or not an upstream occlusion
(e.g., the end of the fluid reservoir) as occurred. In this regard, FIG. 41 is a schematic
block diagram of an exemplary embodiment of an end of reservoir detection system 1200
that can be implemented in a fluid infusion device having a rotary fluid pump mechanism.
For the sake of clarity and simplicity, the fluid pump mechanism and the fluid reservoir
are not shown in FIG. 41. Moreover, the manner in which the fluid pump mechanism
functions and cooperates with the fluid reservoir will not be redundantly described in
detail here.

[00257]  The system 1200 includes, without limitation: a detection circuit 1202; an
axial position sensor 1204 (or sensing system); and an angular position sensor 1206 (or
sensing system). The axial position sensor 1204 is designed and configured to obtain axial
position data of the rotor, where the axial position data indicates the axial position or
displacement of the rotor during operation of the fluid pump mechanism. The operating
principle of the axial position sensor 1204 may vary from one embodiment to another. In
this regard, the axial position sensor 1204 can leverage any of the position detection
techniques and methodologies described herein, including any of those previously
described with reference to FIGS. 22-31, without limitation. The angular position sensor
1206 is designed and configured to obtain angular position data of the rotor, where the
angular position data indicates the rotational position of the rotor, relative to any
convenient reference point. In practice, the angular position of the rotor can be expressed
in degrees or in any appropriate units that correspond to angular measurement. In certain
embodiments, the angular position sensor 1206 may be realized as a digital encoder or

counter that monitors the operation of the drive motor, which in turn rotates the rotor.
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[00258] Regardless of the manner in which the axial position sensor 1204 and the
angular position sensor 1206 are implemented, the respective sensor data or information
1s obtained by the detection circuit 1202 for processing and analysis. More specifically,
the detection circuit 1202 can process the sensor data to determine whether or not an
occlusion upstream of the fluid pump mechanism has occurred. The determination is
based on certain detectable characteristics of the sensor data, wherein the detection circuit
1202 can determine whether the fluid pump mechanism is operating as expected to draw
fluid in from the fluid reservoir and expel the fluid for delivery to the patient, or whether
an upstream occlusion is preventing the fluid pump mechanism from drawing in fluid. As
mentioned previously, an upstream occlusion may be detected when an inlet fluid flow
path is blocked, or when the fluid reservoir is empty (and the stopper of the reservoir has
reached its end position).

[00259]  The detection circuit 1202 calculates or otherwise obtains the axial velocity of
the rotor during the fluid expulsion cycle. Referring again to FIG. 15, the section 820 of
the plot represents the fluid expulsion period, during which the rotor normally “snaps
back™ into the stator under the force of the biasing element. The velocity of the rotor
during this period can be characterized and predicted under normal and expected
operating conditions. It should be understood that the slope of the section 820 is
indicative of the axial velocity of the rotor (a gradual slope corresponds to lower velocity,
and a steeper slope corresponds to higher velocity). If an upstream occlusion is present
(e.g., the fluid reservoir is empty and the stopper of the reservoir has reached its end
position), then the fluid pump mechanism will pull on a vacuum. Consequently, during
the fluid intake period (corresponding to the section 816 of the plot in FIG. 15) the
vacuum creates additional force in the same direction of the biasing force. This additional
force increases the axial velocity of the rotor during the fluid expulsion cycle.

[00260] FIG. 42 is a graph that includes a plot 1210 of rotor axial position versus rotor
angular position for an upstream occlusion condition. FIG. 42 also includes a plot 1212
that corresponds to the normal and expected operating condition in the absence of any
occlusion. As FIG. 42 demonstrates, the two plots 1210, 1212 exhibit roughly the same
characteristics during the fluid intake period 1214 of the pumping cycle. During the fluid
expulsion period 1216 of the pumping cycle, however, the two plots 1210, 1212 deviate
from one another. As explained above, the plot 1212 is characterized by a more gradual
slope during the expulsion period 1216; this gradual slope is indicative of a nominal axial

velocity of the rotor. In contrast, the plot 1210 is characterized by a steeper slope during
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the expulsion period 1216. The steeper slope is indicative of higher axial velocity of the
rotor during this time. Again, the vacuum conditions created by an occlusion upstream of
the fluid pump mechanism increase the axial velocity of the rotor during the fluid
expulsion period (relative to the nominal axial velocity experienced during normal (luid
delivery operations).

[00261] The detection circuit 1202 is suitably configured and programmed to analyze
the collected axial position and angular position sensor data in a way that is consistent
with the comparison visualized in FIG. 42. For example, the detection circuit 1202 can
calculate an average or maximum rotor axial velocity during the fluid expulsion period
and compare the calculated velocity to a predetermined threshold axial velocity value. If
the calculated axial velocity exceeds the threshold value, then the detection circuit 1202
can declare that an upstream occlusion has been detected. Notably, the detection circuit
1202 can consider the angular position data to determine the timing of the pumping cycle,
such that the axial velocity of the rotor is analyzed during the fluid expulsion phase of the
cycle (rather than at other times). The detection circuit 1202 can be programmed as
needed to accurately characterize the axial velocity behavior of the rotor during the fluid
expulsion period. In this regard, under normal operating conditions the fluid expulsion
period is characterized by a nominal axial velocity of the rotor, and under upstream
occlusion conditions the luid expulsion period is characlerized by a diflerent axial
velocity of the rotor, which is higher than the nominal axial velocity of the rotor.

[00262] It should be appreciated that the detection circuit 1202 can make its
determination using any suitable methodology or algorithm. For example, the detection
circuit 1202 can determine the axial position of the rotor as a function of the angular
rotation of the rotor, calculate the slope of the response (similar to that depicted in FIG.
42), and compare the calculated slope against a predetermined threshold slope value. In
alternative embodiments, the detection circuit 1202 can leverage accelerometer data to
directly measure the velocity of the rotor as it moves toward the stator during the fluid
expulsion period, and compare the measured velocity against a threshold value. These and
other techniques are contemplated by this disclosure.

[00263] Upstream Occlusion Detection: Methodology 10

[00264] The upstream occlusion detection methodology presented in this section
assumes that the fluid infusion device uses a fluid pump mechanism of the type described
above, i.e., one having a stator and a cooperating rotor driven by a drive motor. The

upstream occlusion detection methodology presented in this section analyzes the motor
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current of the drive motor to determine the operating condition or state of the fluid
infusion device. Referring again to FIG. 15, one pumping cycle includes a fluid intake
period (represented by the section 816 of the plot), a brief dwell period (represented by
the section 818 of the plot), a fluid expulsion period (represented by the section 820 of the
plot), and another dwell period (represented by the section 822 of the plot). As explained
above with reference to FIGS. 5-15: the rotor cam element 722 travels along the stator
cam element 706 during the fluid intake period and during the dwell period corresponding
to the section 818 of the plot; the rotor cam element 722 disengages from the stator cam
element 706 and moves toward the reference surface 736 during the fluid expulsion
period; and the rotor cam element 722 travels along the reference surface 736 during the
dwell period corresponding to the section 822 of the plot. Continued rotation of the rotor
results in repetition of this pumping cycle.

[00265] The methodology described in this section assumes that the drive motor 138 is
a DC motor, and that the current consumption of the drive motor 138 can be monitored
and measured as it drives the rotor. It is well established that the current consumption of a
DC motor is proportional to the output torque and the rotational speed (as torque
increases, the current draw increases and the rotational speed decreases). Thus, when the
rotor cam element 722 is traveling on the reference surface 736 and the applied biasing
force is lower (the sections 814, 822 of the plot in FIG. 15), the motor current is
somewhat stable, flat, and relatively low. In contrast, when the rotor cam element 722 is
engaged with the stator cam element 706, the biasing spring force increases, which in turn
increases the friction beiween the cam elements. The net effect is an increase in drive
current consumption and torque output from the drive motor. The drive current peaks
when the rotor cam element 722 reaches the plateau of the stator cam element 706, and
then gradually decreases as the rotor cam element 722 continues traveling across the
plateau. After the rotor cam element 722 disengages from the stator cam element 706
(i.e., the rotor cam element 722 falls off the plateau), the drive current returns to its
relatively low and stable baseline level.

[00266] The fluid infusion device can include a suitably configured detection circuit
that monitors and analyzes the current of the drive motor. The current can be analyzed as
a function of time, angular position of the rotor, motor position, or the like. The detection
circuit can compare the measured motor current against saved current profiles or response
curves 1o determine whether the fluid pump mechanism is operating in a normal and

expected manner, whether an upstream occlusion has occurred, whether a downstream

Date Regue/Date Received 2020-07-08



71

occlusion has occurred, or the like. For example, if the fluid reservoir is empty (or if the
upstream fluid flow path is blocked), then the motor current will exhibit measurably
different characteristics than that described above. In this regard, the vacuum created by
an emply reservoir or an upstream occlusion will increase the output torque during the
fluid intake period (because the drive motor 138 must overcome the force created by the
vacuum). Thus, the measured motor current will exhibit a steeper rise and a higher
maximum value during the fluid intake period, relative to the normal motor current
characteristics associated with non-occluded operation of the fluid pump mechanism. The
detection circuit can be designed to take appropriate action if it observes this type of
characteristic difference in the measured motor current. It should be appreciated that the
methodology presented in this section can also be utilized to detect the presence of
downstream occlusions if so desired.

[00267] Upstream Occlusion Detection: Methodology 11

[00268] The occlusion detection methodology presented in this section assumes that
the fluid infusion device uses a fluid pump mechanism of the type generally described
above with reference to FIGS. 5-14. The timing related to the opening and closing of the
valves, however, is slightly different to accommodate occlusion detection. Consequently,
the plots depicted in FIG. 15 and FIG. 16 do not apply to the embodiments presented
here. Moreover, al least one ol the embodiments presented in this section can be utilized
for downstream occlusion detection in addition to (or in licu of) upstream occlusion
detection.

[00269] The embodiment previously described with reference to FIG. 15 employs
valve timing such that the second valve (i.e., the outlet valve) opens when the stator cam
element disengages the rotor cam element, or immediately before the stator cam element
disengages the rotor cam element. In other words, the angular position of the trailing end
of the rotor cam element corresponds to the right end of the section 818 of the plot shown
in FIG. 15. Consequently, both valves remain closed during most of the section 818, and
the second valve opens in conjunction with the stator cam element disengaging the rotor
cam element.

[00270] In contrast to the previously described valve timing, the embodiments
described in this section utilize a modified valve timing that delays the opening of the
second valve. In this regard, FIG. 43 is a graph that includes plots of rotor axial position
versus rotor angular position for various operating conditions of a fluid pump mechanism.

In FIG. 43, a region 1300 corresponds to a first period during which the first/inlet valve
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(V1) is open and the second/outlet valve (V2) is closed, the region 1302 corresponds to a
second period during which V1 is closed and V2 is open, and the region 1304
corresponds to a third period during which V1 is open and V2 is closed. The gaps
between these regions correspond to periods during which both valves are closed.
[00271] FIG. 43 also schematically depicts the reference surface 1306 of a rotor 1308;
the reference surface 1306 is rendered in a straight line (rather than a circle as depicted in
FIG. 44) aligned with the rotor angle axis of the graph. For ease of illustration, FIG. 44
does not depict the endcap or surrounding structure of the rotor 1308. The rotor 1308
includes a rotor cam element 1310 having a variable height that rises from the reference
surface 1306, as described in detail above with reference to FIGS. 11-14. The illustrated
embodiment of the rotor 1308 also includes a first (leading) sensor contact element 1312
located on or integrated with the reference surface 1306, and a second (trailing) sensor
contact element 1314 located on or integrated with the reference surface 1306. As will
become apparent from the following description, the second sensor contact element 1314
1s utilized to support downstream occlusion detection.

[00272] The first sensor contact element 1312 1s located in a region that 1s unoccupied
by the rotor cam element 1310. More specifically, the first sensor contact element 1312 is
located at an angular position that follows the upper (trailing) edge 1316 of the rotor cam
element 1310. As shown in FIG. 44, the [irst sensor conlact element 1312 can be
positioned on the reference surface 1306 immediately following the rotor cam element
1310. The second sensor contact element 1314 is also located in a region that is
unoccupied by the rotor cam element 1310. The second sensor contact element 1314 is
located at an angular position that follows the first sensor contact element 1312. As
shown in FIG. 43 and FIG. 44, the first and second sensor contact elements 1312, 1314
are separated by a gap having a size that is dictated by the desired valve timing
characteristics and the desired occlusion detection functionality.

[00273] Referring again to FIG. 43, the angular position 1320 corresponds to the lower
(leading) edge 1322 of the rotor cam element 1310, and the angular position 1324
corresponds to the upper (trailing) edge 1316 of the rotor cam element 1310. The angular
position 1326 corresponds to the beginning of the plateau 1328 of the rotor cam element
1310, 1.e,, the flat and highest section of the rotor cam element 1310. Accordingly, the
section 1330 of the plot corresponds to the fluid intake period of the fluid pump
mechanism, and the section 1332 of the plot corresponds 1o a dwell period during which

the stator cam element resides on the plateau 1328 of the rotor cam element 1310. The
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right end of the section 1332 corresponds to the upper (trailing) edge 1316 of the rotor
cam element 1310. Notably, the rotor cam element 1310 disengages the stator cam
element at a time when both the inlet valve and the outlet valve are closed, and both
valves remain closed for a short time thereafter. This brief “valve delay” period is
represented by the section 1334 of the plot. The valve delay period corresponds to a time
(or an angle of rotation) that begins with the end of the rotor cam element 1310 and ends
with the opening of the outlet valve.

[00274]  The angular positioning of the first sensor contact element 1312 on the rotor
1308 corresponds to a valve state that occurs after the inlet valve closes for a current
pumping cycle, and before the outlet valve opens for the current pumping cycle. FIG. 43
schematically illustrates this feature — the rotor angle associated with the position of the
first sensor contact element 1312 corresponds to a period during which both of the valves
are closed. In contrast, the angular positioning of the second sensor contact element 1314
on the rotor 1308 corresponds to a different valve state that occurs after the outlet valve
closes for the current pumping cycle, and before the inlet valve opens for a next pumping
cycle.

[00275] The sensor contact elements 1312, 1314 cooperate with a suitably configured
sensing element or arrangement and a detection circuit, which detects when the sensing
element makes contact with the sensor contact elements 1312, 1312 The sensing element
and related features and functionality described above with reference to FIGS. 18 and 19
can also be utilized with the embodiment described here. As explained above, a sensing
element on the stator can be utilized to determine whether or not the stator cam element
makes contact with the first sensor contact element 1312, the second sensor contact
element 1314, or both. In this way. the detection circuit can monitor the characteristics of
a detection signal obtained from the sensing element in response to the angular position of
the rotor to determine a current operating condition of the fluid pump mechanism. For
example, the sense pattern observed by the detection circuit may be indicative of normal
operating conditions or a fault condition (such as a downstream occlusion, an upstream
occlusion, an empty fluid reservoir, or the like). If the detection circuit detects a fault
condition, then it can initiate or generate an alert, an alarm, a waming message, or take
any appropriate type of action.

[00276] The solid plot in FIG. 43 corresponds to the behavior of the fluid pump
mechanism under normal and expected operating conditions. Under these normal

operating conditions, both valves remain closed for the period represented by the section
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1334 of the plot. During this period, the axial position of the rotor remains substantially
stable (at or near its highest point) even though the stator cam element has disengaged the
rotor cam element. The closed state of the output valve and the presence of fluid in the
{luid pump mechanism inhibits axial displacement of the rotor during this period. As soon
as the output valve opens, however, the rotor is urged toward the stator until it reaches the
nominal baseline position.

[00277] The dashed line plot in FIG. 43 corresponds to the behavior of the fluid pump
mechanism under upstream occlusion conditions, which may be caused by a fluid line
blockage upstream of the inlet valve or an empty fluid reservoir. In the presence of an
upstream occlusion, the fluid pump mechanism pulls on a vacuum without drawing in
fluid. The vacuum conditions created by the upstream occlusion create negative pressure,
which allows the rotor cam element 1310 to move toward the reference surface 1306 even
though the outlet valve is closed. This negative pressure causes the rotor to snap back into
place as soon as the stator cam element disengages the rotor cam element (even though
both valves are closed). Thus, the axial displacement of the rotor quickly decreases and
reaches its nominal baseline level. The valve delay period associated with the section
1334 of the plot can be engineered as needed to accommodate upstream occlusion
detection, as described in more detail below. The axial displacement of the rotor remains
at the baseline level until the next Tuid intake cycle.

[00278] The dotted line plot in FIG. 43 corresponds to the behavior of the fluid pump
mechanism under downstream occlusion conditions, which may be caused by a fluid line
blockage downstream of the outlet valve. In the presence of a downstream occlusion, the
fluid pump mechanism cannot expel fluid as usual. Consequently, the axial displacement
of the rotor remains relatively high until the inlet valve opens to accommodate backflow.
Shortly thereafter, however, the next fluid intake cycle causes the axial displacement to
increase again. Notably, the axial displacement of the rotor remains at or near its highest
level even during the period represented by the section 1334 of the plot. During this
period, the axial position of the rotor remains substantially stable (at or near its highest
point) even though the stator cam element has disengaged the rotor cam element.

[00279]  The behavior of the fluid pump mechanism under normal and occluded
conditions can be characterized such that the sensor contact elements 1312, 1314 can be
sized and positioned in an appropriate manner. For example, under normal operating
conditions, the sensing element on the stator cam element makes no contact with the first

sensor contact element 1312 because the rotor remains axially displaced from the stator
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throughout the angular position that corresponds to the location of the first sensor contact
element 1312 on the reference surface 1306. Moreover, under normal operating
conditions, the sensing element contacts the second sensor contact element 1314 once per
pumping cycle because the rotor resides at its baseline axial position throughout the
angular position that corresponds to the location of the second sensor contact element
1314 on the reference surface 1306. Accordingly, under normal operating conditions, the
detection circuit will detect contact with only the second sensor contact element 1314 for
each pumping cycle.

[00280] Under upstream occlusion conditions (including an end of reservoir state or a
condition where the reservoir stopper has seized), the sensing element contacts both
sensor contact elements 1312, 1314 once per pumping cycle. More specifically, the
sensing element contacts the first sensor contact element 1312 shortly after the rotor cam
element 1310 disengages the stator cam element (and at a time when both valves are
closed) and, thereafter, the sensing element contacts the second sensor contact element
1314. The detection circuit can determine or declare that an upstream occlusion has
occurred based on the sensing element contacting the first and second sensor contact
elements 1312, 1314. Altematively, the detection circuit can determine or declare that an
upstream occlusion has occurred based on the sensing element contacting the first sensor
contacl element 1312 alone. Indeed, the second sensor contact element 1314 need not be
employed for purposes of upstream occlusion detection.

[00281] Under downstream occlusion conditions, the sensing element makes no
contact with either of the sensor contact elements 1312, 1314. Rather, the downstream
occlusion prevents the stator cam element from reaching the reference surface 1306 of the
rotor in the angular position range of the sensor contact elements 1312, 1314. As shown
in FIG. 43, when the downstream fluid path is blocked, the sensing element does not
reach the reference surface 1306 (if at all) until shortly after the outlet valve opens.
Accordingly, the detection circuit can determine or declare that a downstream occlusion
has occurred based on the sensing element making no contact with the sensor contact
elements 1312, 1314.

[00282] In practice, the detection circuit described in this section can be designed to
observe signal characteristics that result from interaction between the sensing element and
the sensor contact elements 1312, 1314. In this regard, a different signal pattern will be
generated for each revolution of the rotor, which corresponds to one pumping cycle. The

detection circuit can monitor the obtained sensor signal pattern to determine the current
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operating condition/state of the fluid pump mechanism. For the embodiment presented in
this section, a detected pattern of SI=LOW + S2=HIGH indicates normal operation
(where S1 is the state of the first sensor contact element 1314 and S2 is the state of the
second sensor contact element). A detected pattern of S1=HIGH + S2=HIGH indicates an
upstream occlusion condition, and a detected pattern of SI=LOW + S2=LOW indicates a
downstream occlusion condition. Alternatively, the detection circuit can simply count the
number of detected “hits” during each rotation of the rotor 1308, without necessarily
keeping track of which sensor contact element 1312, 1314 was contacted: only one count
indicates normal operation; two counts indicates an upstream occlusion; and zero counts
indicates a downstream occlusion. This simple encoding scheme makes it easy for the
detection circuit to distinguish the three operating conditions of interest.

[00283] For the embodiment depicted in FIG. 44, the sensor contact elements 1312,
1314 are located on the reference surface 1306 of the rotor 1308. Moreover, the
embodiment of FIG. 44 cooperates with a sensing element incorporated into the stator
cam element (of the type described above with reference to FIGS. 18 and 19). In contrast,
FIG. 45 and FIG. 46 depict an alternative embodiment having a different arrangement of
sensor contact elements. In this regard, FIG. 45 is a perspective end view of an exemplary
embodiment of a rotor 1400 of a fluid pump mechanism, and FIG. 46 is a side view that
depicts the rotor 1400 cooperating with a compatible stator 1402 of the (luid pump
mechanism. The basic configuration, design, and functionality of the rotor 1400 and the
stator 1402 are similar to that described previously with reference to FIGS. 5-14, and
common features and aspects will not be redundantly described in detail here. However,
the valve timing and arrangement of the stator cam element (not shown in FIG. 46) and
the rotor cam element 1404 are similar to that described previously in this section with
reference to FIG. 43 and FIG. 44.

[00284] The rotor 1400 includes an endcap 1406 having an exposed rim 1408 that
faces a counterpart flange 1410 of the stator 1402. The reference surface 1412 of the rotor
1400 and the rotor cam element 1404 are located inside (underneath) the endcap 1406.
The rotor 1400 also includes a first sensor contact element 1414 and a second sensor
contact element 1416, both of which are located on the rim 1408 or are incorporated into
the rim 1408. The shape, size, and location of the first sensor contact element 1414 are
consistent with that described above for the first sensor contact element 1312 of the rotor
1308. Likewise, the shape, size, and location of the second sensor contact element 1416

are consistent with that described above for the second sensor contact element 1314 of the

Date Regue/Date Received 2020-07-08



77

rotor 1308. Placement of the sensor contact elements 1414, 1416 on the rim 1408 instead
of the reference surface 1412 merely shifts their axial positions; their angular positions
relative to the rotor cam element 1404 and relative to the timing of the valves remains
effectively the same as that described above. Thus, the first sensor contact element 1414
is located at an angular position that follows the upper edge 1420 of the rotor cam
element 1404, and the second sensor contact element 1416 is located at an angular
position that follows the first sensor contact element 1414. It should be appreciated that
the plots shown in FIG. 43 for normal operating conditions, upstream occlusion
conditions, and downstream occlusion conditions also apply to the embodiment depicted
in FIG. 45 and FIG. 46.

[00285] The sensing element can be located on, incorporated into, or otherwise carried
by the stator 1402. The illustrated embodiment employs first and second conductive
spring tabs 1424, 1426, which are located on the flange 1410 of the stator 1402. The
conductive spring tabs 1424, 1426 extend toward the rim 1408 of the rotor 1400, and are
sized and arranged to make physical and electrical contact with the sensor contact
elements 1414, 1416 when the axial position of the rotor 1400 1s at the nominal baseline
position, and when the angular position of the rotor 1400 relative to the stator 1402 aligns
the conductive spring tabs 1424, 1426 with the sensor contact elements 1414, 1416.
Although not shown in FIG. 46, each conductive spring tab 1424 1426 can be electrically
coupled to the detection circuit to accommodate the detection methodology presented
here. In this regard, the conductive spring tabs 1424, 1426 can be connected to the
detection circuit in a manner similar to that described above with reference to FIG. 19.
Thus, the detection circuit can determine when the two conductive spring tabs 1424, 1426
have been shorted together by one of the sensor contact elements 1414, 1416. For
example, FIG. 46 depicts the rotor 1400 and the stator 1402 at a moment when the
conductive spring tabs 1424, 1426 are physically and electrically coupled to the sensor
contact element 1414.

[00286] It should be appreciated that the embodiment described above with reference
to FIGS. 17-19 can be alternatively configured to use conductive spring tabs and a sensor
contact element 870 on the rim 882 of the endcap 858. In other words, the sensor
arrangement shown in FIG. 45 and FIG. 46 can be deployed in an equivalent manner with

the rotor 852 and the stator 854.
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[00287] While at least one exemplary embodiment has been presented in the foregoing
detailed description, it should be appreciated that a vast number of variations exist. It
should also be appreciated that the exemplary embodiment or embodiments described
herein are not intended to limit the scope, applicability, or configuration of the claimed
subject matter in any way. Rather, the foregoing detailed description will provide those
skilled in the art with a convenient road map for implementing the described embodiment
or embodiments. It should be understood that various changes can be made in the
function and arrangement of elements without departing from the scope defined by the
claims, which includes known equivalents and foreseeable equivalents at the time of

filing this patent application.
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What is claimed is:

1. A fluid pump mechanism comprising:

a stator comprising a stator cam element having a stator cam surface;

a rotor comprising a reference surface and a rotor cam element having a variable height rising
from the reference surface, the rotor cam element cooperating with the stator cam element to axially
displace the rotor, relative to the stator, as a function of angular position of the rotor;

a biasing element that provides a biasing force to urge the rotor cam element toward the
stator cam element and toward the reference surface; and

a force sensor coupled to the rotor, the force sensor generating output levels in response to
force imparted thereto, wherein the force imparted to the force sensor varies with axial displacement
of the rotor relative to the stator, and the force sensor cooperating with a detection circuit that obtains
and processes the output levels following each fluid expulsion period of the fluid pump mechanism
and before each fluid intake period of the fluid pump mechanism, to detect occlusions in a fluid path
downstream of the fluid pump mechanism;

wherein, under normal operating conditions:

a complete rotation of the rotor corresponds to one pumping cycle comprising a fluid
intake period and a fluid expulsion period;

during the fluid intake period, the stator cam element is in contact with the rotor cam
element;

during the fluid expulsion period, the rotor cam element disengages the stator cam
element, and the biasing element axially displaces the rotor such that the reference surface of
the rotor moves toward the stator cam element; and

after the fluid expulsion period and before a next fluid intake period, the stator cam
element is in contact with the reference surface and the force sensor generates nominal output
levels that fall within a range of expected output levels; and

wherein, under downstream occlusion conditions:

fluid pressure caused by an occlusion downstream of the fluid pump mechanism
prevents the stator cam element from contacting the reference surface after the fluid
expulsion period,

after the fluid expulsion period and before the next fluid intake period, the force
sensor generates outlier output levels that fall outside the range of expected output levels and

that are indicative of the occlusion; and
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the detection circuit determines the presence of a downstream occlusion in response

to the outlier output levels.

2. The fluid pump mechanism of claim 1, wherein: the detection circuit initiates an alert, alarm,

or warning message in response to detecting an occlusion.

3. The fluid pump mechanism of claim 1, wherein the force sensor is positioned between the

rotor and the stator to measure force applied by the stator to the force sensor.

4, The fluid pump mechanism of claim 1, wherein the force sensor is positioned between the

rotor and the stator to measure force applied by the rotor to the force sensor.
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