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BACKGROUND
Relevant I'ield
[0001]_

présent disclos

e present disclosure relates to infusing tluid. More particularly, the
re relates to a system, method and apparatus for infusing fluid into a patient,
e.g., using a pump.

Descriptiof of Related Art

[0002]

Nnumer

Providing patient care in a hospital generally necessitates the interaction of

s professionals and caregivers (e.g., doctors, nurses, pharmacists, technicians, nurse
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practitioners, etc.) and any number of medical device\ﬁsystel needed for treatment of a
given patient. Despite the existence of systems intended to\f« cilitate the care process, such
as those incorporating electronic medical records (“EMR”) d computerized provider order
entry (“CPOE”), the process of providing comprehensive gare to patients including ordering
and delivering medical treatments, such as medications, Js associated with a number of non-
trivial issues.
[0003] Peristaltic pumps are used in a vay ety of applications such as medical
applications, especially fluid transfer applications that would benefit from isolation of fluid
from the system and other fluids. Some peyfstaltic pumps work by compressing or
squeezing a length of flexible tubing. A mec Anical mechanism pinches a portion of the
tubing and pushes ahy fluid trapped in the tfibing in the direction of rotation. -There are
rotary pel'istaltic"pumps and finger peristaltig pumps.
[0004] - Rotary peristaltic pumps fypically move liquids through flexible tubing
placed in an arc-shaped raceway. Rotafy peristaltic pumps are generally made of two to
four rollers placed on a roller carrief driven rotationally by a motor. A typical rotary
peristaltic pump has a 1'6t0r assembly with pinch rollers that apply pressure to the flexible
tubing at spaced locations to provi ‘c a squeezing action on the tubing against an occlusion
bed. The occlusion of the tubing freates increased pressure ahead of the squeezed area and
reduced pressure behind that ayga, thereby forcing a liquid through the tubing as the rotor
assembly moves the pinch rollfrs along the tubing. In order to operate, there must always be
an occlusion zone; in other

[0005] Finger peris

ords, at ]Jeast one of the rollers is always pressing on the tube.

altic pumps are made of a series of fingers moving in cyclical
fashion to flatten a flexjble tube against a counter surface. The fingers move essentially
vertically, in wave-lik fashibn, forming a zone of occlusion that moves from upstream to
downstream. The lasffinger--the furthest downstream--raises up when the first finger--the
furthest upstream--presses against the counter surface. The most commonly used finger
pumps are linear, fneaning that the counter surface is flat and the fingers are parallel. In this
case, the fingergfare controlled by a series of cams arranged one behind another, each cam
coOperdting wyth a finger. These cams are placed helically offset on a shared shaft driven
rotationally py a motor. There are also rotary-finger peristaltic pumps, which attempt to’
advantages of roller pumps with those of finger pumps. In this type of pump,

the countér surface is not flat, but arc-shaped, and the fingers are arranged radially inside



the counter surface. In this case, a shared cam with multiple knobs placéd in the fenter of the arc is used to

activate the fingers.
~

™~

[0005A] WO 2006/086723, US 5,482,446 and GB 2020735 di\éc\@s prior art pumps. At le_ast one

advantage of the present invention is to provide a measurement of actugf fluid delivered by the infusion

pump.

SUMMARY

[0006] A peristaltic pump, and related system method are rovided. The peristaltic pump includes a
cam shaft, first and second pinch-valve cams, first and second pifich-valve cam followers, a plunger cam, a
plunger-cam follower, a tube receiver, and a spring-biased plugger. The first and second pinch-valve cams
are coupled to the cam shaft. The first and second pinch-valvg/ cam followers each engage the first and
second pinch-valve cams, respectively. The plunger cam fs coupled to the cam shaft. The plunger-cam
follower engages the plunger cam. The tube receiver is configured to receive a tube. The spring-biased
plunger is coupled to the piﬁﬁger-cam follower such thft the expansion of the pluhger cam along a radial
angle intersecting thé plunger-cam follower as the gam shaft rotates pushes the plunger cam follower
towards the plunger and thereby disengages the spring-biased plunger from the tube. A spring coupled to the

spring-biased plunger biases the spring-biased plunder to apply the crushing force to the tube.

- [0007] In some embodiments, a slide ogkcluder includes an RFID tag and the infusion pump includes
an RFID interrogator. A processor associated yfith (or in) the infusion pump interrogates the RFID tag to
determine if the slide ocicuder is authorized for use. For example, the RFID tag may have an encryption key

and/or authorized identification value.

[0008] In some embodiments, A cam profile for an infusion pump may be shaped such that rotation

in any direction causes forward flow.

[0009] In some embodimgnts, an infusion pump may include a downstream occluder to create a

smooth fluid flow to the patient.

[0010] In some embgdiments, the infusion pump may automatically prime, e.g., the tube may have
an RFID tag and/or a barcgde that may be read by the pump, which the pump uses to estimate a priming

volume of the downstreamytube automatically (for fluid flow estimation, etc.)

[0011] In so embodilﬁents,; an infusion pump includes a resistive element that is compressed

against a tube. The infusion pump estimates the fluid pressure in accordance with the resistance.
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[0012] In some embodiments, the infusion pum\p\i__nclu es a temperature sensor to
: AN

estimate the temperature of the fluid within the tube. The infufion pump may correct for the
temperature of the tube and/or fluid in its fluid flow ¢ éulation (e.g., the delta fluid
estimation described below). _
[0013] In some embodiments, a display on a purffp UI will display instructions how
to install the slide occluder (e.g., when the ID in An RFID tag in an occluder is an
unauthorized ID, for example).
[0014] In some embodiments, an electronks module is attachable to an infusion
pump to control the pump. The electronics mpodule may include an RF transceiver, a
[0015] In some embodiment of the prffsent disclosure, a peristaltic pump includes a
cam shaft, first and second pinch-valve camg, first and second pinch-valve cam followers, a
plunger cam, a plunger-cam follower, a tibe receiver, a spring-biased plunger, a position
sensor, and a processor. The first and sfcond pinch-valve cams are opei‘atively coupled to
the cam shaft. The first and second pi fch-valve cam followers are configured to engage the
first and second pinch-valve cams. /The plunger cam is coupled to the cam shaft. The
plunger-cam follower is configurgd to engage the plunger cam. The tube receiver is
configured to receive a tube. e spring-biased plunger is coupled to the plunger-cam
followexi such that expansion Of the plunger cam along a radial angle intersecting the
plunger-cam follower as the/cam shaft rotates pushes the plunger cam to disengage the
spring-biased plunger from phe tube. A spring is coupled to the spring-biased plunger to bias
the spring-biased plunger/fto apply the crushing force to the tube. The position sensor is
operatively coupled to tffe spring-biased plunger configured to determine a position of the
spring-biased plun ger./The processor is coupled to the position sensor and is configured to
estimate fluid flow of fluid within the tube utilizing the position using the position sensor.
[0016] The oump may include an angle sensor operatively coupled to the cam shaft
configured to detgrmine an angle of rotation of the cam shaft.

[0017]

movement of fhe plunger as measured by the position sensor and identifies the second static

Phe processor determines the first static region by identifying a peak

region to be/fter the identified peak. The processor may determine the first static region by
identifying the first static region within a predetermined range of angles as indicated by the
angle sehsor. The processor may determine the second static region by identifying the

secondfstatic region within a second predetermined range of angles as indicated by the angle

‘n
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sensor. The processor may determine the first and se?éo@ sfatic regions by medsuring
position sensor at predetermined angles as indicated by the angle sensor.
[0018] The processor may compare a first static re iAon measured by the position
sensor to a second static region measured by the position fensor to estimate the fluid flow.
The processor may determine the first static region by igentifying a peak of the movement
of the position sensor and identifying the first static rfgion after the identified peak. The
identifying an end of the first static
region.
[0019] In some embodiments, the pump Also includes a balancer cam, a balancer-
cam follower, and a balancer spring configured to apply a force against the balancer-cam
follower and thereby apply a force from the/balancer-cam follower to the balancer cam.
The balancer calrhv'umay be shaped to reduce A peak torque of the cam shaft as the cam shaft
rotates around its axis of rotation.
[0020] The pump may also include an electric motor operatively éoupled to the cam
shaft to apply a rotational torque to tffe cam shaft. The electric motor may be a stepper
motor, a DC motor, a brushless DC ghotor, a brushed DC motor, an AC motor, a polyphase
induction motor, an electric motor yith at least one permanent magnet coupled to a stator or
a rotor, and an induction motor.
[0021] In another embogiment of the present disclosure, a pump includes: a first
layer; and a second layer at Last partially disposed adjacent to the first layer defining an
inlet fluid path, a bubble chAmber, and an outlet fluid path. The inlet fluid path is in fluid
communication with the bjibble chamber and the outlet fluid path is in fluid communication
with the bubble chambey. The pump also includes an assembly having a variable-volume
chamber, a reférence amber, and an acoustic port in operative communication with the
variable-volume and feference chambers such that the variable-volume chamber includes an
opening disposed afound the bubble chamber on at least one of the first and a second layers.
[0022] ThE pump may include a plunger positioned to engage the bubble chamber.
[0023]

reference chaghber such that the source of pressure is in fluid communication with the fluid

e pump may include source of pressure and a fluid port coupled to the

port to appl
[0024]

disposed/within the reference chamber; a reference microphone disposed within the

at least one of a negative pressure and a positive pressure thereto.

In some embodiments, the pump also includes: (1) a reference speaker

6
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reference chamber; and a variable-volume microphone dﬁpgse within the variable-volume
: N

chamber.
[0025] The pump may include a processor in ope -ﬁve communication with the
reference speaker, and the reference and variable-volume ghicrophones. The processor may
be configured to control the speaker to generate a pluglity of frequencies and sense the
frequencies through the reference and variable-volume fnicrophones to estimate a volume of
the variable volume usiﬁg the sensed frequencies frgm the reference and variable-volume -
microphones. The processor may be further confighred to estimate a flow rate of the pump
using the estimated volume of the variable volumg. .
[0026] In another embodiment of the prgsent disclosure, a flow rate meter includes:
(1 a first layer; (2) a second layerAt least partially disposed adjacent to the first
layer defining an ‘inlet fluid path, a bubble fhamber, and an outlet fluid path, wherein the
inlet fluid path is in fluid communication yith the bubble chamber and the outlet fluid path
is in fluid communication with the bubbple chamber; (3) an assembly having a variable-
volume chamber, a refe;‘f:an: chambey, and an acoustic port in operative communication
with the variable-volume and refer_ ce chambers, wherein the variable-volume chamber
includes an opening disposed arouyfd the bubble chamber on at least one of the first and a
second layers; (4) a reference Apeaker disposed within the reference chamber; (5) a
reference microphone disposed within the reference chamber; (6) a variable-volume
microphone disposed within tfie variable-volume chamber; and (7) a processor in operative
communication with the feference spéaker, and the reference and variable-volume
microphones. The procesgor is configured to control the speaker to generate a plura]ity of
frequencies and sense/the frequencies through the reference and variable-volume
microphones. “The prgcessor is further configured to estimate a volume of the variable
volume using the senfed frequencies from the reference and variable-volume microphones.
The processor is fuyther configured to estimate a flow rate using the estimated volume of the
variable volume.

10027] 1

includes a hoySing a motor, a cam shaft, a plunger, a pivot shaft, a plunger, a bias member,

yet another embodiment of the present disclosure. a peristaltic pump
a position sghsor, and a processor. The cam shaft is operatively coupled to the motor such
that rotatigh of the motor rotates the cam shaft. The plunger cam is coupled to the cam shaft
for rotatibn therewith. The pivot shaft is operatively coupled to the housing. The plunger is

pivotalfy coupled to the pivot shaft, the plunger having a cam follower configured to engage
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the plunger cam of the cam shaft. The plunger is conﬁtgn-re\d tg pivot to a first position to
compress a tube and to a second position away from theftube. The bias member is
configured to bias the plunger to the first position to compre, s‘ the tube. The position sensor
coupled to the plunger to measure a position of the plungey. The processor is coupled to the
position sensor to estimate a volume of fluid discharged from the tube when the bias
member causes the plunger to move towards the first pgsition. |

[0028] The p]ungér and plunger cam may befconfigured to compress the tube using
only a force of the bias member. The plunger ca may be configured to only retract the
plunger to the second position. The plunger may'be configured to engage the plunger cam
such that the plunger cam does not force the plfnger against the tube. The plunger may be
any suitable shape, such as an L-shape or a U-ghape, among other shapes.

[0029] Th:é'pump may further incluge an inlet valve and an outlet valve. The inlet
valve, the outlet valve, the plunger and thg/plunger cam may be configured to compress the
tube while the inlet and outlet valves arg/ closed such that the processor can measure a first
position of the plunger using the posftion sensor. The inlet valve, the outlet valve, the
plunger and the plunger cam may Je configured to open the outlet valve after the first
position of the plunger is measurefl to discharge fluid out of the tube through the outlet '
valve. The processor may be configured to measure a second position of the plunger using

the position sensor after the ouflet valve is opened. The processor may compare the first

measured position to the sefond measured position to determine an amount of fluid

discharged through the outlft valve. The inlet valve and the outlet value may be spring

biased against the tube.
[0030] The inlet/valve may include an inlet-valve cam follower configured to
interface an inlet-valvg/ cam coupled to the cam shaft. The outlet valve may include an
outlet-valve cam follpwer configured to interface an outlet-valve cam coupled to the cam
shaft.
[0031] In Another embodiment of the present disclosure, a pump includes a housing,
a door, a carrierf and a lever. The housing has a first slot. The door is pivotally coupled to

the housing anfd has a platen configured to receive a tube. The door is configured to have a
closed positjon and an open position. The door includes a second slot. The carrier has a
pivot defipiing first and second portions pivotally coupled together. The first portion is

slidingly dispoSed within the first slot of the housing, and the second portion is slidingly
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disposed within the second slot of door. The lever hana}e\is pfvotally coupled to the door
and is operatively coupled to the carriér.

[0032] In some embodiments, when the door is ope ,>the first portion of the carrier
is disposed within the first slot and the second portion of fhe carrier is disposed within the
second slot, and the first and second portions of the cargfer are disposed orthogonal to each
other away from a pivot point when the door is open.
[0033] The peristaltic pump may be configurgd such that when the door is shut, the
first and second portions of the carrier are positiofied adjacent to each other such that the
carrier is slida.ble within the first and second slotsfas the lever handle moves. -
[0034] The second portion may be confjfgired to receive a slide occluder coupled to
the tube in the occluded position when the dgOr is in the open position. The door and lever
handle may be éohfigul*ed such that when the door is in the closed position, movement of
the lever handle moves the first and secoyfd portions of the carrier towards the first slot to
thereby move the slide occluder into the finoccluded position. ‘

[0035] In some embodiments, A plunger is configured to compress the tube in the
platen when the door is closed. The lgver handle is operatively coupled to the plunger to lift
the plunger away from the tube wl"n the lever handle is in an open position and to actuate
the plunger towards the tube whey the lever handle is in a closed position.

[0036] The second portipn may be configured to receive a slide occluder coupled to
the tube in the occluded p' sition when the door is in the open position. In some
embodiments, the door may/includes a leaf spring such that the door is configured to latch
onto the housing when th£ door is in the closed position and the lever handle is piQoted
against the door such thaf the leaf spring compresses the door against the housing.

[0037] 1n somg additional embodiment, a pump includes: (1) a motor means for
rotating; (2) a cam mfans coupled to the motor means for rotating; (3) a plunger means for
compressing agains

of fluid discharge

a tube; and (4) -a volume measurement means for estimating a volume
through the tube.

BRIEF DESGRIPTION OF THE DRAWINGS
.[0038]

detailed defcription of the various embodiments of the present disclosure with reference to

These and other aspects will become more apparent from the following

the drawjngs wherein:
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[0039] Fig. 1 shows block diagram of a system “for infusing liquid in accordance
with an embodiment of the present disclosure;
[0040] Fig. 2 shows a block diagram of an infusiop site monitor of the system of

Fig. | in accordance with an embodiment of the present digclosure;

[0041] Fig. 3 shows a block diagram of a pump for infusing liquid of the system of
Fig. | in accordance with an embodiment of the presenfdisclosure; |

[0042] Fig. 4 shows a drip—chamber holder rfceiving a drip chamber, and the drip-
chamber holder includes a flow meter and a frge-flow detector in accordance with an
embodiment of the present disclosure; v V
[0043] Fig. 5 shows the drip-chambe ‘ holder of Fig. 4 with the door open in
accordance with an embodiment of the presenf disclosure;

[0044] Flg 6 shows a block diagrarfl of another. drip-chamber holder in accordance
with another embodiment of the present difclosure;

[0045] Fig. 7 shows a ray diagram illustrating the diameter of a blur circle to
illustrate aspects of the cameras of thefdrip-chamber holder of Figs. 4 and 5 in accordance
with an embodiment of the present djfclosure;’

[0046] Fig. 8 is a graphic fllustrating the blur circle as calculated for a variety of
lens-to-focal plane scparations apd lens-to-image separations for the cameras of the drip-
chamber holder of Figs. 4 affd 5 in accordance with an embodiment of the present
disclosure; v
[0047] Fig. 9 is a grfphic illustraﬁng the blur circle divided by pixel size when a 20
millimeter focal length leffs of the cameras of the drip-chamber holder of Figs. 4 and 5 is
used in accordance with An embodiment of the present disclosure;

[0048] ' Fig. 1

40 millimeter focal lghgth lens of the cameras of the drip-chamber holder of Figs. 4 and 5 is

is a graphic illustrating the blur circle divided by pixel size when a

used in accordance

[0049] Fi

rith an embodiment of the present disclosure;

. 11 shows a table illustrating the corresponding fields of view about the
optical axis for fhe corners of the two configurations of Figs. 9 and 10 in accordance with an
embodiment

[0050]

the present disclosure;
Fig. 12 is a block diagram of an imaging system of the cameras of the drip-
chamber Wolder of Figs. 4 and 5 in accordance with an embodiment of the present

disclosu

10
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[0051] Fig. 13 is a graphic illustration of an im\age\ captured by the camera of the
system of Fig. 12 in accordance with ah embodiment of the prgfsent disclosure;

[0052] Fig. 14 is a block diagram of an imaging sys em of the cameras of the drip-
chamber holder of Figs. 4 and 5 in accordance with fan embodiment of the present
disclosure;
[0053] Fig. 15 is a graphic illustration of an imgge captured by the camera of Fig. 14
when a free flow condition exists in accordance Awith an embodiment of the present
disclosure;

[0054] Fig. 16 is a graphic illustration of gh image captured by the camera of Fig. 14
for use as a background image in accordance wifh an embodiment of the present disclosure;
[0055] Fig. 17 is a graphic illustratiofi of an image captured by the camera when
drops are being' “formed within the drip fchamber of Fig. 14 in accordance with an
embodiment of the present disclosure;
[0056] Fig. 18 is a graphic illustiftion of an image captured by the camera of Fig. 14
for use-as a background image in accorflance with an embodiment of the present disclosure;

[0057] Fig. 19 is a graphic ilfustration of a difference between the images of Figs."
17 and 18 with additional process:ng in accordance with an embodiment of the present
disclosure;
[0058] Fig. 20 is a grapjiic representation of the image processing performed using
Figs. 17-19 to determine if a free flow condition exists in accordance with an embodiment
of the present disclosure;
[0059] Fig. 21 is afgraphic illustration of an image captured by the camera when a
free flow condition exisy thereby forming a stream within the drip chamber of Fig. 14 in
accordance with an empodiment of the present disclosure;

[0060] Fig. 27 is a graphic illustration of an image captured by the camera of Fig. 14
for use as a backgr

[0061] Figl

20 and 21 wit

nd image in accordance with an embodiment of the present disclosure;
23 is a graphic illustration of a difference between the images of Figs.
some additional processing for use in detecting a free flow condition in
acéordénce with an embodiment of the present disclosure:
[0062]

Figs. 21-2

Fig. 24 is a graphic representation of the image processing performed using
to determine if a free flow condition exists in accordance with an embodiment

of the prgkent disclosure;
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[0063] Fig. 25 illustrates a template for pattern nﬁtc\hin to determine if a free flow

condition exits using Figs. 17-19 or Figs. 21-23 in accordancg with an embodiment of the
present disclosure;
[0064] -  Fig. 26 is a graphic illustration of a differende between a reference image and
an image containing a steam processed with edge deteftion and line detection for use in
detecting a free flow condition in accordance with an efibodiment of the present disclosure;
[0065] Fig. 27 is a graphic illustration of an finage captured by the camera when a
free flow condition exists thereby forming a streaph within the drip chamber of Fig. 14 in
accordance with an embodiment of the present digClosure; 4
[0066] Fig. 28 is a block diagram of An imaging system for use with the drip-
chamber holder of Figs. 4-5 or Fig. 6 having A back pattern with stripes and a light source
shining on the stripes from an adjacent Jocation to a camera in accordance with an
embodiment of the present disclosure;
[0067] Fig. 29 is a block diagrdm of an .imaging system for use with the drip-
chamber holder of Figs. 4-5 or Fig. 6 Jiaving a back pattern with stripes and a light source
shining on the stripes from behind the/back pattern relative to an opposite end to a camera in’
accordance with an embodiment of £he present disclosure;

[0068] Fig. 30 shows an ifnage from the camera of Fig. 29 when a drop distorts the
back pattern of Fig. 26 in accorgance with an embodiment of the present disclosure;

[0069] Fig. 31 1s a bfock diagram of an imaging system for use with the drip-
chamber holder of Figs. 4-5or Fig. 6 having a back pattern with a checkerboard pattern and
a light source shining on tife stripes from behind the back pattern relative to an opposite end
to a camera in accordancg with an embodiment of the present disclosure;

[0070] Fig. 32 fhows an image from the camera of Fig. 31 when a drop distorts the
back pattern of Fig. 2

[0071]  Fie

in accordance with an embodiment of the present disclosure;
33 shows a block diagram of an air detector using a camera in

accordance with gh embodiment of the present disclosure;

[0072] o. 34 shows a matching template for use in air detection in accordance with
an embodimeft of the present disclosure;

[0073] Fig. 35 illustrates an image captured by the camera of system of Fig. 33 for
detecting hat no tube is within a cavity in accordance with an embodiment of the present

disclosuig;

12
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[0074] Fig. 36 illustrates an image captured ;;tﬁe\cam ra of the system of Fig. 33
for detecting air bubbles in accordancé with an embodiment?) the present disclosure; A
[0075] Fig. 37 illustrates an image captured by the hmera of the system of Fig. 33
for detecting blood in accordance with an embodiment of tfie present disclosure;

[0076] Fig. 38 illustrates the image of Fig. 37 thft has undergone image processing

for detecting a threshold amount of red for detecfing blood in accordance with an
embodiment of the preseﬁt disclosuvre;

[0077] Fig. 39 shows an infiltration detectgf in accordance with an embodiment of
the present disclosure; .
[0078] Fig. 40 shows a graphic illustratifig the optical absorption of oxygenated and
de-oxygenated hemoglobin in accordance withfan embodiment of the present disclosure;
[0079] Fi‘gf 41 shows another infiftration detector in accordance with another
embodiment of the present disclosure;
[0080] Fig. 42 shows a perspeftive view of an occluder in ‘accordance to an
embodiment of the present disclosure; 4 _
[0081] Fig. 43 shows a side fiew of the occluder of Fig. 42 in accordance to an
embodiment of the present disclosugfe;

[0082] Fig. 44 shows a fide view of the occluder of Fig. 42 in operation in
accordance to an embodiment of the present disclosure;

[0083] Fig. 45 shows “side view of a valve for use in a cassette in accordance with
an embodiment of the presenft disclosure;

[0084] ~ Fig. 46 shofvs a top view of the valve of Fig. 45 in accordance wifh an
embodiment of the presejit disclosure;

[0085] Fig. 47 howé another side view of the valve of Fig. 45 installed within a
cassette in accordancg with an embodiment of the present disclosure;

[0086] = Fig. A8 shows a sliding valve having an inclined plane to provide sealing in
accordance with afi embodiment of the present disclosure;
[0087] 2. 49 shows a side view of the sliding valve of Fig. 48 in accordance with

an embodiment of the present disclosure;

[0088] Fig. 50 shows the mount of the sliding valve of Figs. 48-49 in accordance
with an empodiment of the present disclosure;
[0089] Figs. 51-55 show a vent for a reservoir in accordance with an embodiment of

the present disclosure;
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[0090] Figs. 56-58 illustrate the stages of a ﬂ\(}w\m er in accordance with an

embodiment of the present disclosure;

[0091] Fig. 59 shows a diagram of a disposable/ portion of a flow meter in

accordance with an embodiment of the present disclosure;
[0092] Figs. 60-62 show several views of a singlgfsided disposable portion of a flow
meter in accordance with an embodiment of the present/disclosure;

[0093] Figs. 63-65 show several views of afdouble-sided disposable portion of a
flow meter in accordance with an embodiment of thf present disclosure;

[0094] Figs. 66-68 show several views of a three-layer, opposite-sided, disposablé
portion of a flow meter in accordance with an epibodiment of the present disclosure;

[0095] Fig. 69 shows a top view of gfiother disposable portion of a flow meter in
accordance with another embodiment of the‘ resent disclosure; '
[0096] Fig. 70 shows a flow rate fmeter including a full acoustic volume sensing
(“AVS”) clam shell assembly and a single-sided disposable portion in accordance with an
embodiment of the present disclosure; _
[0097] Fig. 71 shows a side yiew of flow rate meter including a double-sided AVS
assembly with integral perimeter feal valves in accordance with an embodiment of the
present disclosure;
[0098] Fig. 72 shows a glde view of another flow rate meter includ’ing a single-sided
AVS assembly with surroundj g AVS chambers in accordance with another embodiment of
the present disclosure;
[0099] Fig. 73 shoys a side view of yet another flow rate meter including two p‘iston
valves in accordance witlf another embodiment of the present disclosure;

[00100] Fig. 74 fhows a flow rate meter having top and bottom AVS assemblies
which provide a semf-continuous flow in accordance with an embodiment of the present
disclosure;
[00101] Figl 75 shows a flow rate meter having two in-line AVS assemblies in

accordance with/an embodiment of the present disclosure;

[00102] ig. 76 shows a membrane pump having a negative pressure source in
accordance vfith an embodiment of the present disclosure:
[00103] Fig. 77 shows a membrane pump having negative and positive pressure

sources ijf accordance with an embodiment of the present disclosure;
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[00104] Fig. 78 shows a optical-sensor based ﬂo@“—{ate
: ~N

eter in accordance with an
embodiment of the present disclosure;

[00105] Fig. 79 shows a pressure-controlled membr. é pump in accordance with an
embodiment of the present disclosure;

[00106] Figs. 80-82 show a diagram of a legend £fr use in conjunction with Figs. 79
and 83-98 in accordance with an embodiment of the pr¢sent disclosure;

[00107] Fig. 83 shows a flow-controlled mefnbrane pump in accordance with an
embodiment of the present disclosure;
[00108] Fig. 84 shows a state diagram fof the operation of the flow-controlled
membrane pump of Fig. 83 in accordance with gh embodiment of the present disclosure;
[00109] Fig. 85 shows the flow-controlfed membrane pump of Fig. 83 illustrating the
operation of the valves when in the Idle stafe of the state diagram of Fig. 84 in accordance
with an embodiment of the present disclospre;

[00110] Fig. 86 shows a more defailed view of the idle state of the state diagram of
Fig. 84 in accordance with an embodir fent of the present disclosure;

[00111] Figs. 87-88 show thef flow-controlled membrane pump of Fig. 83 in use
during the positive pressure valye leak test state of Fig. 84 in accordance with an
embodiment of the present disclo
[00112] Fig. 89 shows afmore detailed view of the positive pressure valve leak test
state of Fig. 84 in accordance fvith an embodiment of the present disclosure;
{00113] Figs. 90-91 ghow the flow-controlled membrane pump of Fig. 83 in use
during the negative presfure valve leak test state of Fig. 84 in accordance with an
embodiment of the presefit disclosure;

[00114] Fi g. 92 fhows a more detailed view of the negative pressure valve leak test
state of Fig. 84 in acgbrdance with an embodiment of the present disclosure;
[00115] Fig.

the fill state of Fi

3 shows the flow-controlled membrane pump of Fig. 83 in use during

. 84 in accordance with an embodiment of the present disclosure;

[00116] fe. 94 shows a morc detailed view of the fill state of Fig. 84 in accordance
with an embogliment of the present disclosure;
[00117] Fig. 95 shows the flow-controlled membrane pump of Fig. 83 in use during

an AVS mgasurement in accordance with an embodiment of the present disclosure;
[00118]

in accofdance with an embodiment of the present disclosure;

Fig. 96 shows a more detailed view of the AVS measurement state of Fig. 84

I
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[00119] Fig. 97 shows the flow-controlled melﬁ)}mgp p of Fig. 83 in use during
the emptying state of Fig. 84 in accordance with an embodimepit of the present disclosure;
[00120] Fig. 98 shows a more detailed view of th émptying state of Fig. 84 in
accordance with an embodiment of the present disclosure;
[00121] Fig. 99 shows a membrane pump having/an elastic membrane that is flush
with a disposable portion and applies a force to a liquidl in accordance with an embodiment
of the present disclosure;

[00122] Figs. 100-101 show two embodimg¢hts of lung pumps in accordance with

embodiments of the present disclosure;

- [00123] Figs. 102-104 show several gaslets for sealing a lung pump in accordance

with additional embodiments of the present digclosure;
[00124] Flg 105 shows another lung/pump in accordance with another embodiment
of the present disclosure;

[00125] Figs. 106-112 illustrate yhe operation of a piston pump' while performing
various checks in accordance with an bodiment of the present disclosure;

[00126] Figs. 113 and 114 iflustrate a piston pump in accordance with another
embodiment of the present disclos
[00127] Figs. 115 and 11¢/show two views of a cassette having several membrane
pumps of Figs. 113 and 114 in gtcordance with an embodiment of the present disclosure;
[00128] Fig. 117 sho /s a cassette having a membrane pump and volcano valves in
accordance with an embodinfient of the present disclosure;

[00129] Fig. 118 shbws a roller mechanism of a cassette-based pump in accordance
with an embodiment of tfie present disclosure;

[00130] Fig. 119 shows the fluid paths of a cassette-based pump for use with the
ig. 118 in accordance with an embodiment of the present disclosure;
shows the fluid paths of a cassette-based pump for use with the
roller mechanism/of Fig. 118 in accordance with an embodiment of the present disclosure;
[00132] fig. 121 shows the stages of an infiltration test using a roller in accordance
with an embogiment of the present disclosure;

[00133]

with an er

[00134]

Fig. 122 shows the stages of an infiltration test using a piston in accordance
odiment of the present disclosure;
Figs. 123 and 124 show a cell-base reservoir in accordance with an

embodjment of the present disclosure;
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[00135] Figs. 125 and 126 show a tube-based\les\erv ir in accordance with an
embodiment of the present disclosure; v
[00136] Fig. 127 shows several stages illustrating a yhethod for operating a plunger

pump in conjunction with an AVS assembly in accordghice with an embodiment of the
present disclosure;

[00137] Fig. 128 shows several stages illustratiffe a method for operating a plunger
pump in conjunction with an AVS assembly in accogflance with another embodiment of the
present disclosure;
[00138] Fig. 129 shows several stages illusfrating a method for using a plunger pump
having an AVS assembly in accordance with anfmbodiment of the present disclosure;
[00139] Fig. 130 shows several stages iflustrating a method for using a plunger pump
having an AVS ‘z\l's’;‘éembly in accordance withfan embodiment of the present disclosure;
[00140] Fig. 131 shows several staggs illustrating a method for using a plunger pump
having an AVS assembly in accordance yith an embodiment of the pre.seht disclosure;
[00141] Fig. 132 shows a p]uno"r pump with an actuator inside the variable volume
for use with a standard IV set tubiflg in accordance with an embodiment of the present
disclosure;
[00142] Fig. 133 shows seferal views of a cam-driven linear peristaltic pump having
pinch valves and a plunger insifle a variable volume in accordance with an embodiment of
the present disclosure;
[00143] Fig. 134 shoys a plunger ‘pump for use within a standard IV set tubing with
an actuator outside of the yariable volume in accordance with an embodiment of the present
disclosure; _
[00144] .Fig. 139 shows several views of a cam-driven linear peristaltic pump having
pinch valves and a pfunger inside a variable volume with a corresponding cam mechanism
outside of the variaple volume in accordance with an embodiment of the present disclosure;

[00145] Fi

with an actuatof outside of the variable volume in accordance with an embodiment of the

. 136 shows a plunger pump having a plunger inside a variable volume

pi'ésent disclogure;
[00146]

a variable folume with a corresponding cam mechanism outside of the variable volume and

Fig. 137 shows a cam-driven linear peristaltic pump having a plunger inside

pinch vgfves on the housing of the variable volume in accordance with an embodiment of

the prefent disclosure;
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[00147] Fig. 138 shows a plunger pump having ﬁ)l{ng r inside a variqble volume
and pinch valves outside of the variable volume in accordang€ with an embodiment of the
present disclosure; .
[00148] Fig. 139 shows several views of a cam-drivgn linear peristaltic pump having
a plunger inside a variable volume with a corresponding/cam mechanism and pinch valves
outside of the variable volume in accordance with an epibodiment of the present disclosure;

[00149] Fig. 140 illustrates occlusion detectionfusing a plunger pump having an AVS
assembly and a spring-biased pinching mechanism jnside the variable volume in accordance
with an embodiment of the present disclosure; |

[00150] Fig. 141 shows a pump with

&

spring-loaded plunger within a variable
volume of an AVS assembly with an actuatgd plunger outside of the variable volume in
accordance with an embodiment of the presghit disclosure;
[00151] Fig. 142 shows a linear pefistaltic pump with pinch valves and a cam shaft
disposed within a variable volume of An AVS assembly having spring-biased pinching
mechanism disposed therein, and a plu | ger and a pinch valve outside of the variable volume
in accordance with an embodiment of/the present disclosure; V

[00152] Fig. 143 shows a Ifnear peristaltic pump with pinch valves and a plunger
disposed outside of a variable /volume of an AVS assembly in accordance with an
embodiment of the present disclpsure;

[00153] ‘Fig. 144 showga the stages of a plunger pump having a an optical sensor or
camera to measure the volufhe within a tube residing within a chamber in accordance with
an embodiment of the presgnt disclosure ;

[00154] Fig. 145§

estimate fluid volume Of a tube having a spring-biased pinch mechanism around the tube

ows a plunger pump having a chamber having an optical sensor to
and a plunger and pipkh valves in accordance with an embodiment of the present disclosure;
[00155] Fig. 146 shows a plunger pump having a chamber with an optical sensor to
estimate fluid vofume of a tube having a spring-biased pinch mechanism around the tube
and a plunger and pinch valves outside the chamber in accordance with an embodiment of
the present digtlosure;
[00156]

with pinchfvalve disposed within the variable volume of the AVS assembly, and a plunger

Fig. 147 shows several views of a plunger pump having an AVS assembly

and pincj valve disposed outside the variable volume in accordance with an embodiment of

the prefent disclosure;
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[00157] Fig. 148 shows an two cross-sectional vie%»gft e plunger pump of Fig. 147
in accordance with an embodiment of the present disclosure;
[00158] Fig. 149 shows an alternative two cross-secti ﬁal views of the plunger pump
of Fig. 147 in accordance with an embodiment of the presepit disclosure;

[00159] Fig. 150 illustrates the stages during nopinal operation of a plunger pump

having a spring-biased plunger in accordance with an efibodiment of the present disclosure;

[00160] Fig. 151 illustrates the stages for detefting an occlusion for a plunger pump

having a spring-biased plunger in accordance with gh embodiment of the present disclosure;
[00161] Fig. 152 illustrates the stages fof leakage detection for a plunger pump
having a spring-biased plunger in accordance with an embodiment of the present disclosure;
[00162] Fig. 153 illustrates the stages/for detecting a failed valve and/or bubble
dection for a plﬁ.nger pump having a spring-biased plunger in accordance with an
embodiment of the present disclosure;
[00163] Fig. 154 illustrates the stgges for empty reservoir detection and/or upstream
occlusion detection for a plunger pumy having a spring-biased plunger in accordance with
an embodiment of the present disclospre; V

[00164] Fig. 155 illustrates fhe stages for free-flow prevention for a plunger pump
having a spring-biased plunger in Accordance with an embodiment of the present disclosure;
[00165] Fig. 156 illustrafes the stages for a negative pressure valve check for a
plunger pump having a sprilx -biased plunger in accordance with an embodiment of the
present disclosure;
[00166] Figs. 157-1$8 show views of a plunger pump having a cam shaft 671 that
traverses the variable vofume of an AVS assembly in accordance with an embodiment of
the present disélosure;
[00167] Figs. f59-162 illustrate several cam profiles in accordance with several
embodiments of thefpresent disclosure;

[00168] Fi

outside of an A¥S chamber with two pinch valves on the interface of the ACS chamber in

163 illustrates a peristaltic pump having a plunger and a pinch valves

accordance with an embodiment of the present disclosure;
[00169] Fig. 164 illustrates several stages of operation of the peristaltic pump of Fig.
163 in accgrdance with an embodiment of the present disclosure:

[00170]

AVS clamber in accordance with an embodiment of the present disclosure;

Fig. 165 illustrates a peristaltic pump having two plungers external to an



10

15

20

[
N

WO 2013/096909

[00174] Fig. 169 illustrates the stages of
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[00171] Fig. 166 illustrate several stages of ag\pg’is Itic pump of Fig. 165 in
accordance with an embodiment of the present disclosure;
[00172] Fig. 167 illustrates a peristaltic pump having b]unger with a linear sensor in
accordance with an embodiment of the present disclosure;
[00173] Fig. 168 iltustrates a graphic of data frony the linear sensor of the peristaltic
pump of Fig. 167 in accordance with an embodiment of the present disclosure;

1e peristaltic pump of Fig. 169 in
accordance with an embodiment of the present discjosure;

[00175] Fig. 170 illustrates the detection ¢f an occlusion condition vis-a-vis a noﬁ—
occluded condition in accordance with an embo fiment of the present disclosure;

[00176] Fig. 171 illustrates the detectiof of a valve leak vis-a-vis a full-valve-sealing
condition in accordance with an embodimer

[00177] Fig. 172 illustrates the det

of the present disclosure;

tion of a too much air in the tube or a valve fail
vis-3-vis a proper operation in accordancg with an embodiment of the preéent disclosure;
[00178] Fig. 173 shows a block fliagram that illustrates the electronics of a peristaltic

pump in accordance with another emjodiment of the present disclosure;

- [00179] Fig. 174-shows a blgck diagram that illustrates the electronics of a peristaltic ‘

pump in accordance with another

[00180] Fig. 175 shows

mbodiment of the present disclosure;

perspective view of peristaltic pump in accordance with an
embodiment of the present di Losure;
[00181] Figs. 176-18( show data from several AVS sweeps in accordance with an
embodiment of the present/disclosure;

[00182] Figs. 181

pump of Fig. 175 in acgordance with an embodiment of the present disclosure;

83 show several side views of a cam mechanism of the peristaltic

[00183] Fig. 184 shows a sectional view of the pinch valves and plunger of the
peristaltic pump of

[00184] Fig

ig. 175 in accordance with an embodiment of the present disclosure;
/185 show two views of a plunger with flexible fingers to grip a tube in
accordance withfan embodiment of the present disclosure;

[00185] Fig. 186 shows an embodiment of a cam mechanism of a peristaltic pump in
accordance yith an embodiment of the present disclosure;
[00186] Fig. 187 shows an embodiment of a cam mechanism of a peristaltic pump in

accordanfe with an embodiment of the present disclosure;
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[00187] Figs. 188-190 show several views of a p\e}ti,s{alt' pump in accordance with
the present disclosure;
[00188] Figs. 191-195 show several views of a perisfaltic pump in accordance with

an additional embodiment of the present disclosure;
[00189] Figs. 196A-196B illustrate torque on a gam shaft of a peristaltic pump in
accordance with an embodiment of the present disclosyfe; |

everal cams for a peristaltic pump in
accordance with an embodiment of the present discjosure;

[00191] Fig. 198 shows various feedback rfodes of a peristaltic pumps in accordance
with an embodiment of the present disclosure;
[00192] Fig. 199 shows a graph illustrfting data of a linear sensor used to estimate
fluid flow in accdi‘dance with an embodimenft of the present disclosure;

[00193] Figs. 200-206 show severalfperspective views of a peristaltic pump having a
angular members interfacing into a cam/in accordance with an embodiment of the present
disclosure; v
[00194] Figs. 207-221 illustrafe the operation of a slide occluder of the peristaltic’
pump of Figs. 200-206 in accordange with an embodiment of the present disclosure;

[00195] Fig. 222-223 showf a two views of a peristaltic pump in accordance with an
embodiment of the present disclpsure;

[00196] Figs. 224-238 dhows several views of the peristaltic pump of Figs. 222-223
illustrating the operation offthe slide oécluder in accordance with an embodiment of the

present disclosure;

[00197] Figs. 2394245 show several view of the peristaltic pump of Figs. 222-238 in
accordance with an empodiment of the present disclosure;
[00198] Figs. 246-250 show several views of an integrated cam and motor in for use

in an peristaltic pymp disclosed herein in accordance with another embodiment of the
present disclosure/
[00199] Hhes. 251-254 illustrate a camera sensor for use for measuring the position of
a plunger and/pinch valves of a peristaltic pump in accordance with an embodiment of the
present disclpsure;

[00200]

exploded/view of the mechanical elements from the top of the pump;

Fig. 255 illustrates a peristaltic pump having L-shaped cam followers in an

21



10

15

20

30

WO 2013/096909 CT/US2012/071490

™
[00201] Fig. 256 illustrates the peristaltic pump h@in@ L/shaped cam followers in an

exploded view of the mechanical elements from the bottom ofAhe pump;

[00202] Fig. 257 illustrates the peristaltic pump havi g.L—shaped cam followers with’
a door open in an isometric view of the mechanical elemeryfs from the top of the pump;
[00203] Fig. 258 illustrates the peristaltic pump hgving L-shaped cam followers in an
exploded view showing the PCB, pump body, door, an

[00204] Fig. 259 illustrates the slide occlud

a motor with a gear head;

- inserted into the open door of the
peristaltic pump having L-shaped cam followers;
[00205] Fig. 260 illustrates the peristaltic gamp having L-shaped cam followers with
the door open and some elements removed to refeal the cam-shaft, pump and valves;
[00206] Fig. 261 illustrates the insertigh of the slide occluder into the open door of
the peristaltic puiﬁp having L-shaped cam fgflowers;

[00207] Figs. 262-263 shows an altgrnative door with the door half of an alternative
split carriage;
[00208] Fig. 264 illustrates the/door, a lever and a slide carriage of the peristaltic
pump having L-shaped cam followerf in an exploded view; '

[00209] Fig. 265 illustrates t .e peristaltic pump having L-shaped cam followers with
the door open in an isometric vlew of the mechanical elements from the bottom of the
pump; _

[00210] Fig. 266 illustifites a cam-shaft of the peristaltic pump having L—Shapéd cam
followers in an isometric vi _
[00211] Fig. 267 illfistrates the plunger cam follower of the peristaltic pump having
L-shaped cam followers fn an isometric view f‘rom the front;

[00212] Fig. 26¢ illustrates the plunger cam follower of the peristaltic pump having
.L—shaped cam followgrs in an isometric view from the back;

[00213] Fig. 269 illustrates the valve cam follower of the peristaltic pump having .-

shaped cam folloyvers in an isometric view from a first side;

[00214] he. 270 illustrates the valve cam follower of the peristaltic pump having L-
shaped cam followers in an isometric view from a second side;
[00215] Fig. 271 illustrates a outlet cam of the peristaltic pump having L-shaped cam

followers jh an orthographic view;
[00216]

followglrs in an orthographic view;

Fig. 272 illustrates a pump cam of the peristaltic pump having L-shaped cam
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[00217] Fig. 273 illustrates a intake cam of the per\iétkltic ump having L-shaped cam
followers in an orthographic view;
[00218] Fig. 274 illustrates the plunger and valve cim followers of the peristaltic

pump having L-shaped cam followers in an exploded view;
[00219] Fig. 275 illustrates retainers for the sprfngs on the cam followers of the
peristaltic pump having L-shaped cam followers in an ifometric view;
[00220] Fig. 276 shows a cross-section of th pump including sections of the cam,
plunger and platen;
[00221] Fig. 277 shows a cross-sectionaf view of the plunger compressing the
infusion tube against the platen;

- [00222] Fig. 278 illustrates the hougfng, cam shaft and cam followers of the
peristaltic pump Hdving L-shaped cam folloyers in an exploded view;
[00223] ~  Fig. 279 illustrates the upper and lower housing of the peristaltic pump
having L-shaped cam followers in an isofnetric view; |
[00224] Fig. 280 illustrates the fssembled upper and lower housing of the peristaltic
pump having L-shaped cam followerf in isometric views '
[00225] Fig. 281 illustrates the assembled upper and lower housing of the peristaltic ‘
pump having L-shaped cam folloyers in isometric views
[00226] Fig. 282 illustratfs the peristaltic pump having L-shaped cam followers with
PCB removed to reveal magn. s on the plunger and corresponding sensors on PCB;
[00227] Fig. 283 illugtrates the insertion of the slide occluder into the open door of
the peristaltic pump having L-shaped cam followers:
[00228] Figs. 284fillustrates the slide occluder inserted into the open door of the

peristaltic pump having L-shaped cam followers;

[00229] Figs. 785 illustrates the split-carriage in the open position;
[00230] Figs/ 286 illustrates the split-carriage in the closed position;
[00231] Fig. 287 illustrates the peristaltic pump having L-shaped cam followers with

the door partiafly closed and some clements removed to reveal the slide occluder in the
closed split-cgfriage;
[00232] Fig. 288 illustrates the multi-part link between the split carriage and the lever

in an isomgtric view;
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[00233] Fig. 289 illustrates the peristaltic pump havirg, [/shaped cam followers with
the door closed and some elements refnoved to reveal the slid¢ occluder in the closed split-
carriage; | ‘
[00234] Figs. 290-293 illustrate four steps of closing the door of the peristaltic pump
having L-shaped cam followers;
[00235] Fig. 294 illustrates a lever on the doorfengaging a pin on the body of the
peristaltic pump having L-shaped cam followers;
{00236] Fig. 295 illustrates a spring elemepit in the door of the peristaltic pump
having L-shaped cam followers; |
[00237] Fig. 296 illustrates two latch hog v"s of the lever on the door of the peristaltic
pump having L-shaped cam followers;

[00238]  Fig. 297 shows a vertical crogh-sectional view of the peristaltic pump with L-
shaped cam followers;

[00239] Fig. 298 shows a horizontfl cross-sectional view of the peristaltic pump with

L-shaped cam followers;

Q

[00240] Fig. 299 illustrates a spring-pin engaging a detent on the lever latch hook in™

the closed position within the door ¢f the peristaltic pump having L-shaped cam followers;

Q

[00241] Fig. 300 illustratesfa spring-pin engaging a detent on the lever latch hook in
the open position within the doof of the peristaltic pump having L—_shéped cam followers;
[00242] Fig. 301 illustfites a slide-occluder detection lever displaced by the slide
occluder when the door is orfthe peristaltic pump having L-shaped cam followers;

[00243] Fig. 302 illyfstrates a latch hook detection lever displaced by the latch hook
when the door is on the '

[00244] FIGS.

ristaltic pump having L-shaped cam followers;

03-306 show several views of a patient bedside system in
accordance with an eghbodiment of the present disclosure;

[00245] FIG./307 shows a close-up view of a portion of an interface of a clamp that is
attachable to a pymp shown in FIGS. 303-306 in accordance with an embodiment of the
present disclosufe;

[00246] “IG. 308 shows another close-up view of another portion of the interface
shown in FI

[00247]

. 301 in'accordance with an embodiment of the present disclosure;
FIG. 309 shows a perspective view of a pump shown in FIGS. 303-306 in

accordanfe with an embodiment of the present disclosure;
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[00248] FIG. 310 shows a perspective view of aBLde hown in FIGS. 303-306 in
accordance with an embodiment of the present disclosure;
[00249] FIG. 311 shows a perspective view of a pumy with the graphic user interface
shown on the screen in accordance with an embodiment offthe present disclosure;
[00250] FIG. 312 shows an example infusion progfamming screen of the graphic user
interface in accordance with an embodiment of the pregent disclosure;
[00251] FIG. 313 shows an example infusion programming screen of the graphic user
interface in accordance with an embodiment of the present disclosure;
[00252] FIG. 314 shows an example infusign programming screen of the graphic usér
interface in accordance with an embodiment of jhe present disclosure;
[00253] FIG. 315 shows an example inflision programming screen of the graphic user
interface in accdi'd:ince with an embodiment/of the present disclosure;
[00254] = FIG. 316 shows an examplgfinfusion programming screen of the graphic user
interface in accordance with an embodiment of the present disclosure;
[00255] FIG. 317 shows an inf fsion rate over time graphical representation of an
example infusion in accordance with An embodiment of the present disclosure;
[00256] FIG. 318 shows an/infusion rate over time graphical representation of an
example infusion in accordance with an embodiment of the present disclosure;
[00257] FIG. 319 shows/an infusion rate over time graphical representation of an
example infusion in accordan £ with an embodiment of the present disclosure;
[00258] FIG. 320 shgfws an infusion rate over time graphical representation of an
exaniple infusion in accordance with an embodiment of the present disclosure;
[00259] FIG. 321 fshows an infusion rate over time graphical representation of an
example infusibn in acgordance with an embodiment of the present disclosure;
[00260] FIG. 3£2 shows an example drug administration library screen of the graphic
user interface in acgordance with an embodiment of the present disclosure;

[00261] Fi

323 shows a schematic of a battery powered draw speaker;

[00262] 324 illustrates an electrical block diagram of peristaltic pump in
accordance wifh an embodiment of the present disclosure:
[00263] Fig. 325A-325G illustrates a detailed electrical block diagram of peristaltic

pump in a¢tordance with an embodiment of the present disclosure;
[00264]

with anfembodiment of the present disclosure;

Fig. 326 presents a linear encoder signal over cam angle graph in accordance

N
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[00265] Fig. 327 illustrates a volume over tiﬁe\gr h in accordance with an
embodiment of the present disclosure;
[00266] Fig. 328 illustrates a cam shaft angle over v Iﬁme graph in accordance with
an embodiment of the present disclosure;

[00267] Fig. 329 illustrates a possible measured plessure vs. time trace of a delivery

line downstream of peristaltic pump in accordance fvith an embodiment of the present

disclosure;

[00268] Fig. 330 is a state diagram in accorgance with an embodiment of the present
disclosure; -
[00269] Fig. 331 is a software block diagram in accordance with an embodiment of

the present disclosure;

[00270] Flg 332 is a software blockfdiagram in accordance with an embodiment of
the present disclosure;
[00271] Fig. 333 shows a feedbfck based. control loop to control a motor of an
infusion pump in accordance with an efnbodiment of the present disclosure;

[00272] Fig. 334 shows a progess diagiam to illustrate the software operation of an
infusion pump in accordance with gh embodiment of the present disclosure; and

[00273] Figs. 335-336 shoys two dual-band antennas for use with an infusion pump

in accordance with an embodimgnt ot the present disclosure.

[00274] DETAILED DESCRIPTION

[00275] Fig. 1 showfs a block diagram of a system 1 for infusing fluid. System 1
includes fluid reservoirs £, 3. and 4 for infusing the fluid contained therein into a patient 5.
The fluid reservoirs 2, b, and 4 are gravity fed into drip chambers 7, 8, and 9, respectively.
The drip chambers 7/8, and 8 are respectively fed into flow meters 10, 11, and 12. From
the flow meters 10/ 11, and 12. the fluid is fed into free-flow detectors 13, 14, and 15,
respectively.
[00276]

detector of theffree-flow detectors 13, 14, and 15. Pumps 19, 20, and 21 receive fluid from

Sfstem 1 also includes valves 16, 17, and 18 from a respective free-tlow
valves 16, 17, and 18, and combine the fluid using a connector 22. The valves 16, 17, and
18 may befin wireless or wired communication with a respective pump 19, 20, and 21 to
flow rate and/or discharge profile. For example, the pump 19 may communicate

wirelesfly with the valve 16 to adjust the opening and closing of the valve 16 to achieve a
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target flow rate, for example, when the pump 19 runs at™a pre
N

termined speed; the valves
16 may be downstream from the pump 19 in some embodimenfs.

[00277] Fluid from the connector 22 is fed into an oéclusion detector 23 which is
fed into an air detector 24. The occlusion detector 23 cayl detect when an occlusion exists
within tubing of the system 1. The occlusion detegfor 23 may be a pressure sensor
compressed against the tube such that increases bgyond a predetermined threshold is
indicative of an occlusion. The air detector 24 detgcts if air is present in the tubing, e.g.,
when flowing towards the patient 5. Prior to enteing into an infusion site monitor 26, the
fluid passes through a valve 25. -
[00278] The monitoring client 6, in sorfle embodiments, monitors operation of the
system 1. For example, when an occlusion isfletected by occlusion detector 23 and/or air is
detected by the air detector 24, the monitoriyfg client 6 may wirelessly communicate a signal
to the valve 25 to shut-off fluid flow to thefpatient 5.

[00279] The monitoring client may also remotely send a | prescription to a
pharmacy. The prescription may be afprescription for infusing a fluid using a fluid pump.
The pharmacy may include one oy more computers connected to a network (e.g., the

internet) to receive the prescriptign and queue the prescription within the one or more '
computers. The pharmacy may fise the prescription to compound the drug (e.g., using an.
automated compounding devicg coupled to the one or more computers or manually by a
pharmacist viewing the que' of the one or more computers), pre-fill a fluid reservoir
associated with an infusion/ pump, and/or program the infusion pump (e.g., a treatment
regime is programmed ing the infusion pump 19) at the pharmacy in accordance with the
prescription. = The flujfl reservoir 2 may be automatically filled by the automated
compounding device afd/or the infusion pump 19 may be automatically programmed by the
automated compounding device. The automated compounding device may generate a
barcode, RFID tag £9 and/or data. The information within the barcode, RFID tag 29, and/or
data may includf the treatment regime, prescription, and/or patient information. The

automated compounding device may: attach the barcode to the fluid reservoir 2 and/or the

(e.g., ele tronic medical records) that associates the prescription with the fluid reservoir 2
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and/or the infusion pump 19, e.g., using a serial numbé\({ oyher identifying information
within the barcode, RFID tag 29, or memory.
[00280] The infusion pump 19 may have a scanner, ;g., an RFID interrogator that'
interrogates the RFID tag 29 or a barcode scanner that scajfs a barcode of the fluid reservoir
2. to determine that it is the correct fluid within the fluifl reservoir 2, it is the correct fluid
reservoir 2, the treatment programmed into the infusign pump 19 corresponds to the fluid
within the fluid reservoir 2 and/or the fluid reservoir £ and infusion pump 19 are correct for
the particular patient (e.g., as determined from a paffent’s barcode, RFID 27, or other patient
identification). For example, the infusion pump A9 may scan the RFID tag 29 of the fluid
id type encoded within the RFID tag 29 is
the same as indicated by the programmed treatment within the infusion pump 19.
Additionally or ai'télnative]y, the infusion pAmp 19 may interrogate the RFID tag 29 of the
fluid reservoir 2 for a serial number and the RFID tag 27 of the patient 5 for a patient serial
number, and also interrogate the elecyfonic medical records to determine if the serial
number of the fluid reservoir 19 withifi the RFID tag 29 matches a patient’s serial number
within the RFID tag 27 as indicated/by the electronic medical records.  Additionally or
alternatively, the monitoring client/t may scan the RFID tag 29 of the fluid reservoir 2 and '
an RFID tag of the infusion pump/ 19 to determine that it is the correct fluid within the tluid
reservoir 2, it is the correct flyfld reservoir 2, the treatment programmed into the infusion
pump 19 corresponds to the fluid within the fluid reservoir 2, and/or the fluid reservoir 2
and infusion pump 19 are forrect for the particular patient (e.g., as determined from a
patient’s barcode, RFID tgf 27, electronic medical records, or other patient identification or
information). Additionafly or alternatively, the monitoring client 6 or the infusion pump 19
may interrogaté an eleftronic medical records database and/or the pharmacy to verify the
prescription or dowjiload the prescription, e.g., using a barcode serial number on the
infusion pump 19 of fluid reservoir 2:
[00281] - Additionally or alternatively, the flow from the pumps 19, 20, and 21 may be
monitored and/gr controlled by the monitoring client 6 to ensure safe drug delivery. The
monitoring cljent 6 may scan a RFID tag 27 on a bracelet 28, and also RFID tags 29, 30,
and 31 on jhe fluid reservoirs, 2, 3, and 4, respectively. The monitoring client 6 may
download flectronic medical records ("EMR”) associated with the RFID tag 27 on the
*s/5 bracelet, and compare it to one or more prescriptions found in the EMR of the

If the EMR indicates that the fluid reservoirs 2, 3, and 4 contain the correct
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medication, a user can input into the monitoring Clien?6\¢t\.c\om and to start pumping fluid
through pumps 19, 20, and/or 21 into the patient 5. '
[00282] The infusion site monitor 26 monitors the si e- at which the fluid is fed into’
the patient 5. The infusion site monitor 26 receives the flyid through an input port 408 and
feeds the fluid to the patient 5 through an output port 409. As shown in Fig. 2, in some
embodiments the infusion site monitor 5 optionally includes an air detector 410, an
infiltration detector 32, a‘ pressure sensor 33, a fluid-femperature sensor 34, and/or a patient
temperature sensor 35. In some embodiments, jhe infusion site monitor 26 optionally
includes an ambient air temperature sensor 35 andfan RFID interrogator 41A. -
[00283] The infusion site monitor 26 als¢ includes a processor 37 and a memory 38.
The memory 38 may include processor execufable instructions configured for execution on
the processor 37."'The processor 37 is in opgfative communication with the air detector'410,
the infiltration detector 32, the pressure sehsor 33, the fluid-temperature sensor, the patient
temperature sensor 35, the ambient air gemperature sensor 36, the RFID interrogator 41A,
the user input 39, and the buttons 40; for example, the processor 37 may be coupled to a
bus, a parallel communication link,_ serial communication an, a wireless communication’
link, and the like. Referring to Figf. 1 and 2, information from the various circuitry of 410, '
32, 33, 34, 35, 36, 39, 40, and/or/41 may be communicated to the monitoring client 6 via a
wired or wireless communicatigh link, e.g... WiFi, USB, serial, WiMax, Bluetooth, Zigbee,
and the like. )
[00284] In Fig. 1, in £ach of the pumps 19, 20, and 21, or the fluid reservoirs 2, 3,
and 4 may include an upbtream and/or downstream pressure generating.source (e.g., an
occluder, speaker, etc) ¢ generate a pressure "signature" that would travel along the line
and into the other devifes, e.g., pumping, monitoring, or metering devices. These pressure
signatures may indicfite the pressure in each of the lines, may be used to identify each line
and coordinate the flow rates of the lines, and/or may indicate what the measured flow rate
of the line should be. The pressure signature may be an ultrasonic signal generated by a
piezoelectric cgfamic that is modulated to encode information such as digital data or an
aﬁalog signalfe.g., an acoustic carrier frequency with FM modulation, AM modulation,
digital modylation, analog modulation, or the like.

[00285]

down th¢ IV line to the infusion site monitor 26 (which may include a transducer to detect

For example, each of the pumps 19, 20, and 21 may transmit sound pressure

fessure waves) indicating to the infusion site monitor 26 the expected total flow rate
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therethrough. A flow rate meter 169 (see Fig. 2) ma?ﬁ?egur the liquid flow rate, and if
the measured liquid flow rate deviates by a predetermined amgunt, the infusion site monitor
26 may issue an alarm and/or alert, e.g., the alarm may sig 1. the valves 16, 17, 18, and 25
to close, and/or the monitoring client 6 may use the informhtion for logging purposes and/or
to cause the valves 16, 17, 18, and 25 to close.
[00286] Referring agﬁin to Fig. 2 and as previoybly mentioned, the processor 37 is in
operative communication with user input 39 and onefor more buttons 40. The infusion site
monitor 26 may receive various user input 39 to signal the processor 37 to start monitoring
treatment of the patient 5. Additionally or alteryfatively, the infusion site monitor 26 may
interrogate the RFID 27 of the patient’s 5 bracglet (see Fig. 1) to determine if the infusion
site monitor 26 is coupled to the correct patienf 5.

[00287] The air detector 410 is in opferative communication with the processor 37.
The air detector 410 can measure, estimate/ and/or determine the amount of air entering into
the infusion site monitor 26 via the ifiput port 29. In some embodiments, when the
processor 37 determines that air wit In the tube exceeds a predetermined threshold, the
processor 37 communicates an alarny or alett to the monitoring client 6 (see Fig. 1) which
can signal valve 25 to shut off flui¢f flow to the patient 5. Additionally or alternatively. the
processor 37 may communicate aft alarm or an alert to the valve 25 or to one or more of the
pumps 19, 20, and 21 to stgp fluid flow when the air within the tube exceeds the
predetermined threshold. Tfe air detector 410 may be an.ultrasonic air detector, an
impedance-based air detectof, and the like.

[00288] The infiltrafion detector 32 is in operative communication with the processor
37. The infilration detbctor 32 can measure, estimate, and/or determine the amount of
blood enteringvinto the/infusion site monitor 26 via the output port 30 during an infiltration
test. In some embodjiments, when the processor 37 determines that blood within the tube is
less than a pred fermined threshold during an infiltration test, the processor 37
communicates anfalarm or alert to the monitoring client 6 (see Fig. 1) which can signal the
valve 25 to shuf off tluid flow to the patient 5. Additionally or alternatively. the processor
nicate an alarm or an alert to the valve 25 or to one or more of the pumps 19,
stop fluid flow when the infiltration tests determines that an infiltration has

occurred. /The infiltration test may include reversing one or more of the pumps 19, 20,

PO

and/or to determine if blood does flow into the infusion site monitor 26. When an

infiltragion has occurred, blood will not easily flow into the infusion site monitor 26. Thus,

30



10

15

20

]
N

WO 2013/096909 CT/US2012/071490

.

when fluid is pulled from the patient 5. blood s\}Eﬁd,\ent * into the tube 41 with a
predetermined minimum amount of backward pumping wh; no infiltration has occurred.
The infiltration detector 32 may be CCD based, camera basg, optical based, and the like.
[00289] The pressure sensor 33 is in operative comghunication with the processor 37.
The pressure sensor 33 can measure, estimate, and/or Metermine the amount of pressure
entering, exiting and/or flowing through the infusion Aite monitor 26 via the ports 29 and
30. In some embodiments, when the processor 37 determines that pressure in the tube
exceeds a predetermined threshold and/or 1s below A predetermined threshold, the processor
37 communicates an alarm or alert to the monitofing client 6 (see Fig. 1) which can signél
valve 25 to shut off fluid flow to the patient 5/ The pressure sensor 33 may be a resistive
element that changes in resistance as a force if applied to the resistive element, the resistive
element is_stretc}iéd, and/or the resistive elgment is pulled. The resistive element may be
wrapped around the tube 41 such that agfthe pressure of the fluid causes the tube 41 to
expand, the resistance of the resistive elgment is measured and is associated with a pressure
within the tube, e.g., the resistance mygy be measured and a look-up table may be used to
look up an estimated pressure within the tube 41. In some embodiments, when' the
processor 37 determines that pregiure within the tube is greater than a predetermined
maximum value or less than predgiermined minimum value, the processor 37 communicates
an alarm or alert to the monitorifig client 6 (see Fig. 1) which can signal the valve 25 to shut
off fluid flow to the patienf 5. Additionally or alternatively, the processor 37 may
communicate an alarm or anfalert to the valve 25 or to one or more of the pumps 19, 20, and
21 to stop fluid flow wh¢n the processor 37 receives from the pressure sensor 33 to a
measured pressure withifl the fluid line 41 greater than a predetermined maximum value or
less than predefermine minimum value.

[00290] The flfid-temperature sensor 34 is in operative communication with the
processor 37. The ‘uid—temperature sensor 34 can ‘measure, estimate, and/or determine the
temperature of the fluid within the tube 41. In some embodiments, when the processor 37
determines that/temperature of the fluid within the tubc 41 cxceeds a predetermined
threshold andjfr is below a predetermined threshold. the processor 37 communicates an
alarm or alejt to the monitoring client 6 (see Fig. 1) which can signal valve 25 to shut off

fluid flow fo the patient 5. In some embodiments, a user may override the alarm or alert,
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pumps 19, 20, and 21 to stop fluidv flow when the p'oQaS' r 37 receives a estimated
temperature of the fluid within the tube 41 indicating the flfid is above a predetermined
threshold and/or is below a predetermined threshold. The u.id—temperature sensor 34 may
utilize a temperature sensitive material, a positive te perature-coefficient material, a
negative temperature-coefficient material, or other tempefature sensor technology.

[00291] The patient temperature sensor 35 is ii operative communication with the
processor 37. The patient temperature sensdr 35 cgh measure, estimate, and/or determine
the temperature of the patient 5 (see Fig. 1). The femperature of the patient 5 may be used
to determine the condition of the patient, ¢ mpliénce with a temperature affecting
medication, or effect of a temperature affecting/medication. The temperature of the patient
5 (a patient-condition parameter) may be comynunicated to the monitoring client 6 (see Fig.
1). In some embédiments, when the procefsor 37 determines that the temperature of the
patient 3 exceeds a predetermined threslfold or is below a predetermined threshold, the
processor 37 communicates an alarm orfalert to the monitoring client 6 (see Fig. 1) which
can signal valve 25 to_shut off fluig flow to the patient 5, send an alert to a remote
communicator, and/or notify a carefiver of the condition via an internal speaker 42 or
vibration motor 43 within the infufion site monitor 26. Additionally or alternatively, the
processor 37 may communicate gh alarm or an alert to the valve 25 or to one or more of the
pumps .19, 20, and 21 to stopf fluid flow when the processor 37 receives an estimated
temperature from the patient ‘ mperature sensor 35 that exceeds a predetermined threshold
or is below a predeterminefl threshold. The patient temperature sensor 35 may utilize a
temperature sensitive maferial, a positive temperature-coefficient material, a negative
temperature-coefficient ghaterial, or other temperature sensor technology.

[00292] The ampient air temperature sensor 36 is in operative communication with
the processor 37. The ambient air temperature sensor 36 can measure, estimate, and/or
determine the tempgrature of the ambient air within the infusion site monitor 26, or in other

embodiments, theftemperate of the air outside of the infusion site monitor 26. An excessive
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alert to the valve 25 or to one or more of the pumps 19,\20\, ang 21 to stop fluid flow when
the processor 37 receives an estimated temperature from the\ ymbient temperature sensor 36
that exceeds a predetermined threshold or is below a predet 'milled threshold. The ambient
air temperaturé sensor 36 may utilize a temperaturg/ sensitive material, a positive
temperature-coefficient material, a negative temperatfire-coefficient material, or other
temperature sensor technology.
[00293] Referrihg to the drawings, Fig. 3 sl
infusing liquid of the system of Fig. 1 in accordghice with an embodiment of the present

disclosure. Although the pump 19 of Fig. 3 is gescribed as being pump 19 of Fig. 1, the

[00294] Pﬁ‘ihp 19 includes a processoy 37 coupled to a memory 38. The processor 37
is in operative communication with thg memory 38 to receive processor executable
instructions configured for execution the processor 37. In some embodiments, the
processor 37 is, optionally, in operaglve communication with the user input 39, the air
detector 410, the fluid temperature sghsor 34, valves 47, 49. 51 and 52, a flow meter 48, an’
actuator 54, an air filter 50, a drain ghamber 53, and/or a pressure sensor 33.

[00295] The pump includef an actuator 54 which operates on fluid contained within
tubing 56 flowing through the glump. The actuator 54 may directly operate on the tube 56,
or may actuate against one or/more membranes contained within the actuator 54. In some
embodiments, the valves 47 and 49 cooperate with the actuator 54 to pump fluid, e.g.,
liquid, from the input pgrt 44 to the output port 45 through the tube 56. In some
embodiments of the prfsent disclosure, the pump 19 contains no internal tubing and
interfaces to external t |
[00296] The ai

the air filter 50 is upstream from the-air detector 410. Valve 52 can activate to allow air to

ing.

filter 50 filters out air from the tube 56. In alternative embodiments,
enter in from the tibe 56 into a drain chamber 53 via a diversion tube 57.
100297]

receiving a difp chamber 59. As described infra. the drip-chamber holder 58 includes a

cferring to the drawings, Figs. 4 and 5 show a drip-chamber holder 58

free-flow dgtector in accordance with an embodiment of the present disclosure.
Additionalfy. alternatively, or optionally, the drip-chamber holder 58 may include a flow-
" in accordance with some embodiments of the present disclosure. Fig. 4 shows

the dripg/ chamber holder 58 with a shut door 62, and Fig. 5 shows the drip-chamber holder
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58 with an open door 62. The drip chamber holder S?l}av \inc de the drip chamber 7, the
flow meter 10, and the freeflow detector 13 of Fig. | jhtegrated together, or some
combination thereof. The drip chamber holder 58 includ s.a start button 60 and a stop
button 61. The drip-chamber holder may include a vflve to stop fluid from flowing
therethrough or may signal another valve, e.g., valve 15 of Fig. 1, to stop the fluid from
flowing.
[00298] ‘The drip.-chamber holder 58 optionalfy includes cameras 63 and 64 that can
estimate fluid flow and/or detect free flow conditioys. Although the drip-chamber holder 58
includes two cameras (e.g., 63 and 64), only onefof the cameras 64 and 64 may be used in
some embodiments. The cameras 63 and 64 cfn image a drop while being formed within
the drip chamber 59 and estimate its size. Yhe size of the drop may be used to estimate
fluid flow _throuAghvthe drip chamber 59. Fof example, in some embodiments of the present
disclosure; the cameras 63 and 64 use an glige detection algorithm to estimate the outline of
the size of a drop formed within the dripfchamber 59; a processor therein (see processor 90
of Figs. 12 of 14, for example) may agsume the outline is uniform from every angle of the
drop and can estimate the drop’s sfze from the outline. In the exemplary embodiment
shown in Figs. 4 and 5, the two carfleras 63 and 64 may average together the two outlines to
estimate the drop’s size. The camfras 63 and 64 may use a reference background pattern to
facilitate the recognition of the gize of the drop as described herein.
[00299] In another empodiment of the present disclosure, the cameras 63 and 64
image the fluid to determinefif a free flow condition exists. The cameras 63 and 64 may use
a background pattern to dftermine if the fluid is freely flowing (i.e.. drops are not forming
and the fluid streams thybugh the drip chamber 59). Although the drip-chamber holder 58
includes two cameras e.g., 63 and 64), only one of the cameras 64 and 64 may be used in
some embodiments t¢g determine if a free flow condition exists
[00300] Addftionally or alternatively, in some embodiments of the present disclosure,

another camera 6 monitors the fluid line 66 to detect the presence of one or more bubbles
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embodiments, the optical drip counter 6§ is a camera, is-a \pai of cameras, is a capacitive

drip counter, and the like. The drip-chamber holder 67 is coupled to a tube 70 coupled to a
holder clamp 71 that is controlled by a motor 72. The mot, rI 72 may be coupled to a lead
screw mechanism 73 to control a roller clamp 74. ‘
[00302] “The motor 72 may be a servo-motor and ghay be used to adjust the flow rate
through the tube 70. That is, the drip-chamber holder 7 may also function as a flow meter
and regulator. For exanﬁp]e, a processor 75 within the drip-chamber holder 67 may adjust
the motor 72 such that a desired flow rate is acflieved as measured by the optical drip
counter 68. The processor 75 may implement g control algorithm using the optical drip
counter 68 as feedback, e.g., a proportional-inte ral-derivative (“PID”) control loop with the
output being to the motor 72 and the feedbac) being received from the optical drip counter
68. o | |

[00303] In alternative embodiments/the motor 72, the lead scréew mechanism 73, ahd
the roller clamp 74 may be replaced ang/or supplemented by an actuator that squeezes the
tube 70 (e.g., using a cam mechanism 0r linkage driven by a motor) or may be replaced by
any sufficient roller, screw, or slidelj riven by a motor. ’
[00304] The drip-chamber hflder 67 may also include a display, e.g., the display 76
as shown on the drip-chamber hglder 58 of Figs. 4 and 5. The display may be used to set
the target flow rate, display theCurrent flow rate, and/or may provide a button, e.g., a touch
screen button, to stop the flo /rate (or a button 61 as shown in Figs. 4 and 5 may be used to
stop fluid flow).

[00305] Referring geain to Fig. 4, in some specific embodiments of the present
disclosure, the cameras ¢/3 and/or 64 may be a camera cube manufactured by OmniVision of -
4275 Burton Drive, Sgnta Clara, California 95054; for example, the camera cube may be
one manufactured fgfr phone camera applications. In some embodiments of the present
disclosure, the canferas 63 and/or 64 may use a fixed focus and havve a depth of field
(“DOF) from 15/centimeters to infinity.

[00306]

the range of

¢ cameras 63 and 64 may cach have the blur circle of a point imaged in
he of the cameras 63 and/or 64 entirely contained within the area of a single
pixel. In an gxemplary embodiment, the focal length of the camera lenses of cameras 63 and
64 may bef1.15 millimeters, the F# may be 3.0, and the aperture of the lenses of cameras 63

and 64 rffay be 0.3833 millimeter. A first order approximation to the optical system of one
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or more of the cameras 63 and 64 may be made using szt-n\x eguations, where every ray, r,

is represented as the vector described in Equation (1) as followys:

h
[00307] r= ‘9* (1).

[00308] In Equation (1) above, h is the height of jhe ray at the entrance to the camera
system of cameras 63 and/or 64, and 0 is the angle It the ray. Referring to Fig. 7, when
imaging a hypothetical point at a distance din from ghe lens of one of the cameras 63 or 64
(which has focal length f) and the lens is a Aistance dy, from the focal plane, the

corresponding matrix, Mem ,describing the capfera (e.g., one or both of the cameras 63

" and/or 64) is described by Equation (2) as follojvs:

1 0 .
= umn
[00309] cam O 1 O 1 (2)
[00310] To find the place on th¢ focal plane, fp, where the ray strikes, a matrix

[00311] 3).

0 0.
I im
[00312] As illustrated h Fig. 7, the diameter of the blur circle, Dy, is shown as
approximately the distance petween the two points illustrated in Fig. 7. This distance is
found by tracing rays fronf the point d;,, away from the lens on the optical axis to the edges

of the lens and then to tife focal plane. These rays are given by the vectors shown in (4) as

follows:
0]
(00313] tan_] Dlens @
B 2%d. '
tm
[00314] As shown in Fig. 8, the blur circle, Dy, is calculated and shown for a

variety of lefis-to-focal plane separations and lens-to-image separations. A contour map 77
is also shofvn in Fig. 8. The x-axis shows the distance in microns between the focal plane
and a pojnt located a focal length away from the lens of one of the cameras 63 and/or 64.

The y-gxis shows the distance in meters between the lens and the point being imaged. The
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values creating the contour map 77 is the blur size diN»i_d\ed y the pixel size; therefore
anything about 1 or less is sufficient for imaging. As showp in Fig. 8, the focal plane is
located a focal length and an additional 5 micrometers away 1;0171 the lens.

[00315] The cameras 63 and/or 64 may utilize a s¢cond lens. For example, one or
more of the cameras 63 and/or 64 may utilize a seconfl lens to create a relatively larger
depth of field and a relatively larger field of view. Tjie depth of field utilizing two lenses
can be calculated using the same analysis as above, Jut with the optical matrix modified to

accommodate for the second lens and the additiongl distances, which is shown in Equation

(5) as follows:
. Ld, 1, LoV e
= _ . lens |.| _ 11 im
[00316] G | 0 1 f 0 -1
‘ lens
).
[00317] Figs. 9 and 10 illustrate fhe field changes with the separation between the

lens and the camera and the corresponfling change in the focus of the camera. Figs. 9 and
10 show the blur circle divided by tfie pixel size. Fig. 9 shows the blur circle divided by
pixel size when a 20 millimeter fgcal length lens is used. Fig. 10 shows the blur circle -
divided by pixel size when a 40/millimeter focal length lens is used. The corresponding

fields of views about the opticalfaxis for the corners of the two configurations of Figs. 9 and

10 are shown in the table in F'._,. 11.
[00318] As shown in Fig. 11, in some embodiments, the cameras 63 and 64 of Figs. 4
and 5 may utilize a 40y to 60mm focal length lens; this configuration may include
placing one or more of ghe cameras 43 and 64 about 2 inches from the focus. In other
embodiments 0f the pyesent disclosure, other configurations may be used including those
not shown in Fig. 11.
[00319]  For¢

for one or more of the cameras 63 and 65: using a lens of focal length, f, a distance, z, from

xample, the following analysis shows how the depth of field can be set

the focal plane, And a distance, d, from a point in space; a matrix of the system is shown n

Etjuation (6) af follows:

[00320] M=l G l1 L (6)
“lo 1|77 Moo "
[00321] Fquation (6) reduces to Equation (7) as follows:
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00322 M= e
[ . 0 1} I
[00323]
1 -——JZ;— d+z—
[00324] M = ; J
—4 1—
J f
[00325] Considering the on-axis points, all of the heights will be zero. The point on

I B
[00328] f 7 d
[00329] Equation (10) may bgfrearranged to derive Lquation (11) as follows:
R —
[00330] A f (11).
foz
[00331] Inserting d frgfn Equation (11) into (9) to show the striking point results in

Equation (12) as follows:

——z 2 -2 2 2

J2 [ =] Ve Sl B Sl S W
00332 S . - - 12).
0032l ey f S (42
[00333] All fays leaving this point strike the focal plane at the optical axis. As shown

in Equation (13)fthe situation when the cameras 63 and/or 65 are shifted by a distance )

from the focus j described as follows:
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/ [ : +5} a0 1 e & g

z - et jif —. +Jji —) -8 -t &
[00334] To+z- 0= S

-/ f f=1)

_ z—/2—22+fz _
[00335] = - ="
Sz=1)
A _J-z 56

[00336] = r (13).
[00337] Equation (13) shows that by pyoperly positioning the lens of the cameras 63

and 64 with respé'Ct to the focal plane, we cAn change the depth of field. Additionally, the
spot size depends upon the magnitude offthe angle 0. This angle depends linearly on the
aperture of the vision system created by fhe cameras 63 and/or 64. v

[00338] Additionally or alternatfvely, in accordance with some embodiments of the
present disclosure, cameras 63 anc 64.m'ay be implemented by adjusting for various
parameters, including: the distancefto the focus as it affects compactness, alignment, and
sensitivity of the vision system tgfthe environment; the field of view of the system: and the
lens-focal plane separation as if affects the tolerances on alignment of the system and the
sensitivity of the system to thefenvironment.

[00339] Fig. 12 is a Ylock diagram of an imaging system 78 of the cameras of the

drip-chamber holder of Fjgs. 4 and 5 in accordance with an embodiment of the present
disclosure. Although thf camera 63 of Figs. 4 and 5 will described with reference to Fig.
12, camera 64 ﬁmy alsg util.iie the configuration described in Fig. 12.

{00340] Fig. 1 shows an imaging system 78 including a camera 63, a uniform back
light 70 to shinc light at least partially through the drip chamber 59, and an infrared (“1R”)
filter 80 that recefves the light from the uniform back light 79. System 78 also includes a
processor 90 thyf may be operatively coupled to the camera 63 and/or the uniform back light
79.

[00341] The uniform back light 79 may be an array of light-emiuting diodes (*LEDs™)
having thef/same or different colors, a ‘]ighl bulb, a window to receive ambient light, an
incandesgent light, and the like. In alternative embodiments, the uniform back light 79 may

be replgeed by one or more point-source lights.
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[00342] The processor 90 may modulate the un;’?)hmba k light 79 with the camera
63. For example, the processor 90 may activate the upiform back light 79 for a
predetermined amount of time and signal the camera 63 to £apture at least one image, and
thereafter signal the uniform back light 79 to turn off. The one or more images from the
camera 63 may be processed by the microprocessor to gstimate the [low rate and/or detect
free flow conditions. For example, in one embodimeny of the present disclosure, system 78
monitors the size of the drops being formed within/the drip chamber 59, and counts the
number of drops that flow through the diip chambgr 59 within a predetermined amount of

time; the processor 90 may average the periodic flow from the individual drops over a

- period of time to estimate the flow rate. For efample, il X drops each having a volume Y

flow through the drip chamber in a time Z, thefflow rate may be calculated as (X*Y)/Z.
[00343] Additionally or alternatively,Ahe system 78 may determine when the IV fluid
is streaming through the drip chamber 59/i.e. during a free flow condition). The uniform
back light 79 shines through the drip chAmber 59 to provide an image of the drip chamber
59 to the camera 63. The camera 59 ¢an capture one or more images ol the drip chamber
59. ‘
[00344] | Other orientations of the system 78 may be used to account for the sensitivity
and/or orientation of the uniforny back light 79, the camera 63, the characteristics of the
light from the uniforin back light 79, and the ambient light. In some embodiments of the
present disclosure, the procegsor 90 implements an algorithm- that utilizes a uniformity of
the images collected by the camera 63 facilitated by the uniform back light 79. For
example, consistent unifofm images may be captured by the camera 63 ‘when a uniform
back light 79 is utilized. _
[00345] ~ Ambie lighting may cause inconsistencies in the images received from the
camera 063, such that caused by direct solar illumination. Therefore, in some
embodiments of th present disclosure, an IR filter 80 is optionally used to filter out some of
the ambient light £ffects. For example, the IR filter 80 may be a narrow-band infrared light
filter placed in front of thc camera 63; and the uniform back light 79 may emit light that is
about the samf wavelength as the center Irequency of the passband of the filter 8. The IR
the uniform back light 79 may have a center frequency of about 850
In alternative embodiments, other optical frequencies, bandwidths, center

frequencfes, or filter types may be utilized in the system 78.
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[00346] Fig. 13 is a graphic illustration of an ima§é~~_81 Cj
N

J

ptured by the camera 63 of
the system of Fig. 12, in accordance with an embodiment of the present disclosure. The
image 81 shows condensation 82 and a stream 83 caused b ia free flow condition. Using
edge detection may be used to determine the positiop of the stream 83 and/or the
condensation 82, in some embodiments. Additionally oy alternatively, a background image
or pattern may be used as described infra.

[00347] Fig. 14 is a block diagram of an imagging system 84 of the cameras of the
drip-chamber holder of Iligs. 4 and 5 in accordagce with an embodiment of the present
disclosure. Although the camera 63 of Figs. 4 aad 5 will described with reference to hg
14, camera 64 may also utilize the configuratio rdesc'ribed in Fig. 14.

[00348] System 84 includes an array pf lines 85 that are opaque behind the drip

. chamber 59. Th‘éb"érray of lines 85 may be, sed in the detection of a free flow condition of

the system 84. The free flow detection algorithm may use the presence or absence of drops
for determining whether or not a streanfing condition, (e.g., a free flow condition) exists.
Referring now to Fig. 15, a graphic ill fstration of an image 86 is shown as captured by the
camera 63 of Fig. 14 when a free floy condition exists in the drip chamber 59 in accordance’
with an embodiment of the present glisclosure.

[00349] The image 86 iljistrates the condition in which the drip chamber 59
experiences a free flow conditipn and shows that the stream of fluid 87 acts as a positive
cylindrical lens. That is, as sifown in Fig. 15, the array of lines 85 as captured in an image
by the camera 63 show a revfrsed line pattern 88 from the array of lines 85 as compared 10 a
non-free-flow condition. |
[00350] In some ¢fmbodiments of the present disclosure, an illumination of about 850
nanometers of bplical avelength may be used to create the image 86. Some materials may
be opaque in the visfble spectrum and transparent in the near IR at about 850 nanometers
and therefore may pe used. to create the array of lines 85. The array of lines 85 may be
created using varjbus rapid prototyping plastics. For example, the array of lines 85 may be
created using a fapid prototype structure printed with.an infrared opaque ink or coated with
a metal for fmaking the array of lines 85. Additionally or - alternatively, in some
embodimentf of the present disclosure, another method of creating the array of lines 85 is to
create a ciycuit board with the lines laid down in copper. In another embodiment, the array
of lines ¥5 is created by layine a piece of ribbon cable on the uniform back light 79; the

wires jh the ribbon cable are opaque to the infrared spectrum, but the insulalion is
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agining by the camera 63
(see Fig. 14). In yet additional embodiments, a piece of thinfelectric discharge machined
metal may be utilized. Metal is opaque and the spaces off ihe material may very finely
controlled during manufacturer to allow the IR light to pasy'through the spaces.

[00351] The processor 90 implements an algorit to determine when a [ree flow
condition exists. The processor 90 may be in operatife communication with a computer
readable medium 91 (e.g., a non-transitory computef readable medium) to receive one or
more instructions to implement the algorithm to dgtermine if a free flow condition exists.
The one or more instructions from the computey readable medium 91 arc configured for
execution by the processor 90.
[00352] Referring again to Fig. 14, bfood may be used by the system-84. For
example, system 84 may determine when/a free flow condition of blood exists when
utilizing the camera 63, the IR filter 80,/and the uniform back light 79 configured, for
example, for use using optical light having a wavelength of 850 nanometers or 780
nanometers, e.2., when using bovine bjood. The blood may appear opaque compared (o the
imagery taken using water as the fluid. '
[00353] The following algorifhm implemented by the processor 90 and received from
the computer readable medium 91 may be used to determine when a free flow condition
exists: (1) establish a backgrougd image 89 (sce Fig. 16); and (2) subtract the background

image 89 from the current imge. Additional processing may be performed on the resulting

image.

[00354] In some empodiments of the present disclosure, the background image 89 of
Fig. 16 may be dynamifally generated by the processor 90. The dynamic background
image may be ﬁsed to fecount for changing conditions, e.g. condensation or splashes 82 on
the surface of the drigf chamber (see Fig. 13). For example, in one specific embodiment, for
each new image cgptured by the camera (e.g., 63 of Fig. 14), the background image has
cach pixel multipfied by .96 and the current image (e.g.. the most recently captured image)
has a respective/ pixel multiplied by .04, after which. the two values are added together to
create a new yhlue for a new background image for that respective pixel: this process may
be repeated for all of the pixels. In yet another example, in one specific embodiment, if a
pixel of thf new image is at a row, x, and at a column, y. the new background image at row,

x, and column, y, is the value of the previous background image at row. x, and column, vy,
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multiplied by .96, which is added to the value of the pi}elgt pw. x, and column, y of the
new image multiplied by .04.
[00355] When the system 84 has no water flowing thfough the drip chamber 59 (see

Fig. 14), the resulting subtraction should be almost cfmpletely black, i.e., low pixel

L]

magnitudes, thereby facilitating the algorithm 10 determjfie that the drip chamber 59 has no

water flowing therethrough.

[00356] Fig. 17 shows an image 92 from the damera 63 when there is a drop within

the drip chamber 59 (see Fig. 14). Tig. 18 shoyfs a background image 93 used by the
system 84. When the system 83 has a drop as shown in image 92 of Fig. 17, the system 84
of Fig. 14 has a few high contrast-spots where fhe image of the array of lines is warped by
the lensing of the droplet as illustrated by an/image 94 of Fig. 19. Image 94 of Fig. 19 is
generated by taki'hg, for each respective piyel, the absolute value of the subtraction of the

b. 18, and converting each respective pixel to a

o

image 92 of Fig. 92 from image 93 of I
white pixel if the value is above a predefermined threshold or otherwise converts the pixel
to a black pixel when the value is befow the predetermined threshold. Each white pixel
within the image 94 of Fig. 19 is a rffsult of there being a difference for that pixel location’
between the images 92 and 93 that j greater than a predetermined threshold.

[00357] For example, consifier three respective pixels of Figs. 17, 18, and 19 having a
location of row, x, and column/y. To determine the pixel of row x and column y for the
image 94 of Fig. 19, the pixe' at row x and column y of image 92 of Fig. 17 is subtracted
from the pixel at row x and golumn y of image 92 of Fig. 18, then the absolute value of the
result of the subtraction fs taken; and if the absolute value of the result is above a
predetermined threshold fe.g., above a grayscale value of 128, for example), the pixel at the
location of row' x and golumn y of image 94 of Fig. 19 is white, otherwise the pixel at the
location of row x and
[00358] = Whe

Fig. 19, the procegsor 90 of system 84 (see Fig. 14) determines that drops are being formed

column y of image 94 ol Fig: 19 is black.

it is determined that a few high contrast-spot exists within image 94 of
within the drip ghamber 59 and no free flow condition cxists. The images of the drops may
be utilized to getermine their size to estimate a [Tow rate as described herein,
[00359]

performed Aising Figs. 17-19 to determine if a free flow condition exists in accordance with

Fig. 20 is a graphic representation of some image processing that may be

an embogliment of the present disclosure. Referring o Figs. 20 and 19, all of the white

pixels fhr each row are summed together. and are illustrated in Fig. 20 as results 183. The
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y-axis represents the row number, and the x-axis repr&e&ts e number of white pixels
determined for each respective row. '
[00360] Referring now to only Fig. 20, as previously yhentioned, the number of white:
pixels for each row is summed together and is illustrated As results 183, which are used to
determine if or when a [ree flow condition exists. Iy some specific embodiments, the
processor 90 of system 84 (see Fig. 14) determines thg( a free flow condition exists when a
predetermined number of contiguous values of the fjummed rows of the results 183 exist
above a threshold 184. For example, within the regults 183, a plurality of rows represented
generally by 185 have a total value above thf threshold 184. When greater than a
rows are determined to exist within the
1 10 exist by the processor 90 of Fig. 14. For
example, as shown in Fig. 20, the plurdlity of contiguous rows 185 are below the
predetermined number of contiguous sumyned rows and therefore a free flow condition is
determined to not exist. '
[00361] Fig. 21 shows an image b5 showing a stream as captured by the camera 63 of
Fig 14 when a free flow condition efists. Fig. 22 shows a background image 96. Fig. 23
shows an image 97 formed by the ghsolute value of the difference between the image 96 of
Fig. 22 and the image 95 from Figl 21 when the absolute value is converted either to a white
pixel (when the absolute valuc/of the difference is above a threshold) or to a black pixel
{(when the absolute value 01“. ¢ difference is below the threshold). As shown in Fig. 23,
high-contrast spots caused by the reverse orientation of the lines in the stream run from top
to ‘bottom are detectable by the processor 90. The processor 90 of Fig. 14 can use the image
97 to determine if a free flow condition exists using the algorithm described above.

[00362] ;l‘hat is,fas shown in Fig. 24, results 186 are shown having a contiguous
range 187 of the resyfts 186 that are above a threshold 188. Because the contiguous range
187 of summed rows is ercater than a predetermined threshold number of contiguous values
above the threshofd 188, a free flow condition is determined to exist by the processor 90
(sec Lig. 14). ‘fhat is, the contiguous range of the results 186 above the threshold 188 is
gr’éaler than afpredetermined threshold range of Contiguous’ values; therefore, the processor
90 determings that a free flow condition exists when using the results 186 of Fig. 24.

[00363]

intensity Squared, or other function may be used to produce the results 183 and and/or 136.

In yet an additional embodiment of the present disclosure, the intensity, the

In yet An additional embodiment, one or more data smoothing functions may be used 10
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smooth the results 183 and/or 186, such as a spline l‘uncl})n\cu ic spline function, B-spline
function. Bezier spline function, polynomial interpolation, mgpving averages, or other data
smoothing functions.
[00364] For example, an image of the camera 63 of Jig. 14, e.g., image 95 of Fig. 21,
may be subtracted from a background image, e.g., thf image 96 of Fig. 22, (o obtain
intensity values. For example, a pixel of row x and cofumn y of Fig. 21 may be subtracted
from a pixel of row x and column y of the image 96 off Fig. 22 to create an intensity value at

row x and column vy; this may be repeated for all pifel locations to obtain all of the intensity

valucs. The intensity values of each row may befsummed together to obtain the results 183
- and/or 186, such that_‘the processor 90 may detefmine that a free flow condition exists when
the summed rows of the intensity values has/A contiguous range of summed rows above a
threshold. In sonie embodiments, the intengity values are converted to an absolute value of
the intensity values, and the summed rowg of the absolute values of the intensity values are
used to determine if a contiguous rangefof summed rows of the absolute values is above a
threshold range of contiguous values./ Additionally or alternatively, the intensity may be
squared and then the processor 90 nfay sum the squared intensity rows and determine if a
contiguous range of summed rows fOf the intensity squared values éxists beyond a threshold
range of contiguous values to/fdetermine if ‘a free flow condition exists. In some
embodiments, a predetermined fange of contiguous values above a threshold (e.g.. min and
max ranges) of the summed fows of intensity values or intensity squared values may be
used by the processor 90 tofetermine if'a drop of liquid is within the image. IFor the rows
of the intensity values (of the intensity squared values) may be summed together and a
range of the summed vafues may be above a threshold number; if the range of contiguous
values is betwéen a miiimum range and a maximum range, the processor 90 may determine
that the range of configuous values above a predetermined threshold is from a drop within
the field of view off the camera 63. In some embhodiments of the present disclosure the
summed rows off intensity values or intensity squared values may be normalized, e.g.,
normalized to have a value between 0 and 1.

[00365]

(i.e., the cupic-spline-type function) that may be used on the summed rows of intensity

The following describes a smoothing function similar to the cubic spline
values or jhe summed rows of the intensity values square prior to the determination by the

processof 90 o determine if a free flow condition exits. The cubic-spline-type function may

-
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be used to identify blocks as described below which\nw ffcilitate the processor’s 90

~ [00367] The standard cubic spline definitjon is illustrated in Equation (14) as follows:
oosesr A=A B+ D) x=xsa, gy
L ABCh . N
[00369] with the functions "> 7> 77i*f7i defined as in the set of Equations (15):
Xg—X X, X—X, _X—X
14,, (X) = 1 = 1 . Bi = =
X T KXiwp T A;
Ci(x)= ’?(Af(x)—- (r)) D‘£(83(X~B x)
[00370] 6 ’ L6 (15)
[00371] Equations (14) and/(15) guaranty continuity and curvature continuity. The

”
: Y=y
[00372] Yo =N (16),
[00373] ie., the fhnction is flat at 0 and 1. The remaining ¢ must satisfy the

following set of Equatigns (17):
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[00374]
(7).
- [00375]

follows:

[00376]
(18).
[00377]

CT/US2012/071490

Y24
6
38,
6
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Yn-2" VN3 -+ ¥n-3Byoa + Y2y na=Yn2  In-aBnoo  YvaByo
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3};+"A63“}4:}§22_[751:+A%] yz*‘%
Syl Byt = [l
TRt e For s O v

In turn, thi becomes the matrix Equation (19):
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0 0 0 Ay_g+tAy_3
0O 0 0 .. A=
0 0 0 ' 0
A
L a4 07l )
0k 0|
0 0. —5‘2— 0 v,
O - 0 O O | -‘?1\"—3
0 0 0 0 Ynoa
0 0 0 A-\l'—l A—'l- Y-l
' Yy (19)
[00378] The set of Equations (J9) may be rewritten as the set of Equations (20):
Fydd =Gy
‘ -l
[00379] Yaa =FGy =y .
[00380] Choosing the vglues in the vector y using a least squarcs criterion on the

collected data is shown in Egpation (21) as follows:

[00381] E= Z[l// - A (&) Y ~ B, () Yin — G, (S ) )’,—: -D, (<) )’,': T
20).

[00382] That is,/Equation (21) is the minimum deviation between the data and the
spline, i.¢., an error j nction. The y values are chosen to minimize the error as defined in
Equati()n 21; The vgctor of predicted values can be written as illustrated in Equation (22) as

follows:
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§=(Ag +Byy Jy+(Cpy + Dy )van
=(Agy +Byy )y +(Cyy + Dy, JH
=| Ay +Byy +CH+D Hfy
[00383] =AYy 22)
[00384] The elements of the matrix in brackefs of Equation (22) depend upon the x-

Equation (23) as follows:

y=(A"A)
[00385]
[00386] The cubic spline th :ugh the sum intensity-squared function of the image
will then be given by Equation (24):
onssn T A
[00388] Because we

24).
ill want to find the maximum values of the cubic spline, we
will also need the derivati

(25) as follows:

of the spline. The cubic spline derivative is given by Equation

Az, (xk ) y, t Bi; (x, ) Yonut Ci:. (X ) ),: +D; (xk ) yf:+1

I

3 ;. Ay ) ) A v
A = ——i—'ﬁ—-k%l————————"g"' (3/\; (x,) —.l)+——--—-"' é'“l (3B§ (x, ) —l)
[00389] i i : (25).
[00390] Egfuation (25) can be written as Equation (26):
L =(AL) By )y +(Chy Dy )y
= [A{k} +B{k} +C{,\,}H + D{k}ij
[00391] =AYy (26).
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[00392] 7 Once the current values of y are fou}d, \th cubic spline, ye, and its
derivative, y’¢ can be calculated. The cubic spline data mayfinclude “blocks™ of data that
includes values above a predetermined threshold. A pipefblock is formed by the liquid
flowing out of the tbe into the drip chamber 59 and a pbol block is formed as the liquid
5 collects at the gravity end of the drip chamber 59 (see Fig. 14).
[00393] The following algorithm may be applied to the cubic spline data: (1)
determine the local maxﬂna of the cubic spline datf using the derivative information; (2)
determine the block surrounding each local maximg by including all points where the cubic
spline value is above a threshold value; (3) merge all blocks which intersect; 4 calculaté
10 information about lhe’ block of data includingfthe center of mass (intensity), the second
| moment of the mass (intensity), the lower xfvalue of the block, the upper x-value of the
block, the mean value of the original sum offintensity squared data in the block, the standard
deviation of the original sum of intensity Aquared data in the block, and the mean intensity
of a high-pass filtered image set in the Jlock; and. (5) interpret the collected data to obtain

15  information about when drops occur aptd when the system is streaming.
[00394] - The mean intensity off a high-pass filtered image set in the block is used to
determine if the block created by ghch contiguous range of spline data is a result of a high '
frequency artifact (c.g., a drop)for a low frequency artifact, This will act as a sccond
background filter which tends fo remove artifacts such as condensation from the image.
20 That is, all previous imagesbin an image memory buffer (e.g., 30 previous frames, for
example) are used to determine if the data is a result of high frequency movement between
frames. If the block is a rfsult of low frequency changes, the block is removed, or if it is a
result high frequency cjianges, the block is kept for further analysis. A finite impulse

response filter (-)r an inffnite impulse response filter may be used.

25  [00395] Iach WYlock is plotted over its physical extent with height equal to the mean
value of the data within the block. If a block has a mean value of the high-pass filter image
less than the threghold. it is an indication that it has been around for several images and thus
may be removed.

[00396]
30 the blocks when the pipe block extends nearly to the pool block, the pipe block and the pool

I'ree flow conditions may be determined by the processor 90 to exist using
block merge together, and/or the summed range of widths of the pool and pipe blocks (or all
blocks) i grca(cr than a predetermined threshold, e.g., the total extent of the blocks exceeds

380 piyels in width. The processor 90 may detect a drop when the transition of the pipe
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block from a larger width to a shorter width occurs}sh\g:\esu]t of a drop formation in the
tube and as the drop leaves the pipé (i.e., tube) opening\’ " the drip chamber 59. The
processor 90 may detect this by looking at the ratio of the urrent pipe block width to the.
previous image’s pipe block width, e.g., an image whergf the ratio is less than 0.9 while
5 simultaneously is a local minima is may be considered Yy the processor 90 1o be an image
formed immediately after a drop has formed.
[00397] Various filtering algorithms may be uged to detect condensation or other low
frequency ratification, such as: If a block has a low fnean value in the high-pass filter image,
then it may be condensation. This artifact can be femoved from consideration. Additionally
10 or alternatively, long blocks (e.g., greater than g predetermined threshold) with a low high-
| pass mean value are possibly streams, since stjeam images tend to remain unchanging.
[00398] The processor 90 may, in sofne specific embodiments use the block data to
count the drops thereby using the system 4 as a drop counter. The processor 90 may also
use width changes in the pool block as A drop disturbs the water to determine if a bubble
15 formed with the drop hit the pool. Fgf example, the processor 90 may determines that a
block forms below the pool block, /then the prbcessor 90' may determine that a bubble-
formed when a drop hit the water//The bubble may be filtered out by the processor 90 to
determine if a predetermined val £ of total block ranges indicates that a free flow condition
exists.
20 [00399] In some embofliments of the present disclosure, the depth of field of the
system 84 may have a najrow depth of field to make the system 84 less sensitive to
condensation and droplety on the chamber walls. In some embodiments, a near focus
system may be used.
[00400] Referrink now to Fig. 25, in another embodiment of the present disclosure a

o

PO
n

template 189 is used fo determine if a free flow condition exists. The template 189 is used
by the processor 90fof Fig. 14 to determine a pattern match score 190. The image 94 of Tig.
19 may be compgfed against the pattern 189 (e.g., a difference between a background image
and an image ¢ turf:d by the camera 63 of Fig. 14 which is then converted to either a black

pixel if the diff

examp}l, the template 189 may be used with the matchTemplate() function call of the

[/
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OpenCV  library using the CV_TM_CCOEFF \m.jcl\'hO'
CV_TM_CCOEFF_NORMED. The CV_TM_CCOEFF meth¢gd uses the pattern matching

or the method of

algorithm illustrated in Equation (27) as follows:
Rixyyl= ¥ (T'x\u')-Tix +x\yf
[00401] ‘:h:
Tixyy’) = T, y') = 1w -h)

Plx+x,y+y) =Hx+x",y+)

y'l)
J27) , where:
[00402] =W Dy
: The I denotes the image, the T denotes the templgte, and the R denotes the results. The
summation is done over the template and/or the jmage patch, such that: x'=0..w-1 and
y=0..h~1.
[00403] The results R can be used to defermine how much the template T is matched
at a particular location within the image 1 g6 determined by the algorithm. The OpenCV
template match method of CV_TM_C(OEFF_NORMED uses the pattern matching

algorithm illustrated in Equation (28) as fbllows:

R(x, ) DAY S HCRTH IS UCE R SRR T}
LK?E‘} = i s —

DN AHEARTUCE SIS L O S Ot S YR '
[00404] Y 2 yf VDY Ly L Yy 08).
[00405] In another embodifment of the present disclosure, the template matching

algorithm uses a Fast Fourier fransform (“FFT”). In some embodiments, any of the

[00400] The CV_TM_SOQDIFF uses the pattern matching algorithm illustrated in

Equation (29) as follows:

Rz, yif= Nt ) - N+ 2y + )
[00407] 0 (29).
[00408] - CV_TM_SQDIFF_NORMED uses the pattern matching algorithm illustrated
in Equation (30) af follows:
o S T,y = Ty = )
})t]-f’{} - -\ ] .
9 D IR & CoORTA LIS SN S R SEUE TR S O E
[00409] [ A 60,
[00410] CV_TM_CCORR wuscs the pattern matching algorithm illustrated in Equation

(3 1) as foflows:

Hx+x"y-+u")
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Rl =Y (Tl ) Tl + 2 %
[00411] R
[00412] CV_TM_CCORR_NORMED uses the patteyh matching algorithm illustrated

in Equation (32) as follows:

R E:Y R [ y') - FUp SRS

Rz y) = — Ly ;

A YT Y e Ha ey )
[00413] YOI ECEL 2 Y Sl yry)l o,
[00414] In yet another embodiment of thg present disclosure, a template of a

grayscale image of a free flow condition is compghed to an image taken by the camera 63 of
Fig. 14 to determine if a free {low condition gxists. In some embodiments, the template
matching function within the OpenCYV library/nay be utilized.

[00415] Refel now to Iigs. 26 and 27/ in yet an additional embodiment of the present
disclosure; the algorithm to determine whin a free flow condition exists being executed on
the processor 90 of Fig. 14 may utilizf an algorithm to determine if a template pattern
matches an array of pixels utilizing edge detecting followed by line detection. As shown in
Fig. 26, an image 98 is formed frgm an image 99 of Fig. 27, by using edge detected
followed by line detection. The fesulting lines may be utilized by the processor 90 to ‘
determine that a free flow conditfon exists. As shown in Fig. 26, the feature which shows
up after this processing by the/processor 90 are lines that have a different slope than the
expected 45° slope of the ba‘ eround reference image. The lines having the angle of the
background image may be Hfltered out of Fig. 26, in some embodiments. The lines may be
detected as edges using a flanny algorithm as found in the OpenCV library with the Hough
algorithm to determine t A

[00416] Figs. 2

¢ slope of the lines also found in the OpenCV library.

32 illustrate various background patterns that may be used to detect
a free flow conditioff or estimate the size of a drop of liquid. When used with the back
patterns of Figs. 28-32, the cameras 102 mentioned for use in Figs. 28-32 may be the
cameras 63 or 64 of Figs. 4 or 5, the camera of Fig 6, the camera 63 of Fig. 14 each of
which may be ¢bupled (o a respective processor for processing the images from the camera,
such as procegsor 75 of Fig. 6 or the processor 90 of Fig. 14.
[00417] TIig. 28 is a block diagram of an imaging system 100 for use with the drip-
chamber 104 (c.g., a drip chamber as found in the drip-chamber holder of Tfigs. 4-5 or Iig.
6) having a back pattern 101 with stripes and a light source 102 shining on the stripes {rom

an adjgeent location 1o a camera 103 in accordance with an embodiment of the present

v
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disclosure. Any drops or free flow streams within the dl‘ﬁr.ghul er 104 distorts the image
- ‘\

taken by the camera 103. A processor coupled to the camera 1¢3 (e.g., processor 75 of Fig.

6) can use the distortions of the back pattern 101 as captured y the camera 103 (0 estimate .
flow rate and/or detect free flow conditions.
5 [00418] Fig. 29 is a block diagram of an imaging gystem 105 for use with the drip-

chamber 104 having a back pattern 101 with stripes and a light source 102 shining on the

—
-

stripes from behind the back pattern 101 relative to opposite end to a camera 103 in

accordance with an embodiment of the present disclghure. Tiig. 30 shows an image from the
camera 103 of Fig. 29 when a drop distorts the bgck pattern 101 of Fig. 29 in accordance
10 with an embodiment of the present disclosure. /Note that as shown in Fig. 30, the back
pattern’s 101 stripes are distorted by a drop (or/vill be distorted by a free flow stream) from
the drip chamber 104 as captured in images by the camera 103. This distortion may be used
to estimate the drop size, to calculate the flow rate through a fluid-chamber holder, or to
determine if a free flow condition exists.
15 [00419] Fig. 31 is a block diagfam of an imaging system for use with the drip-
chamber holder of Figs. 4-5 or Fig. 6 Jlaving a back pattern with a checkerboard pattern and - -
a light source shining on the stripes from behind the back pattern relative to an opposite end
to a camera in accordance with anfembodiment of the present disclosure. Fig. 32 shows an
image [rom the camera of Fig. #1 when a drop distorts the back pattern 107 of Fig. 26 in
20 accordance with an embodimeft of the present disclosure. In yet another embodiment, the
background may be formed

[00420] Referring t

ing a plurality of random dots and/or circles.
Figs. 28-32, the Lensing of a drop (i.e., the distortion of the
back pattern from the viefy of a camera) may be used to measure the radius of the drop. The
radius of the drbp is relfted to the effect it has on the light passing through it. By measuring
25  the change to the calijfration grid as seen through the drop, the radius and hence the volume
of the drop can be dalculated. For example, the magnification of a test grid of known size
as seen through the drop could be measured optically and the radius inferred from this
measurcment. fhe relationship between the radius and the drop may be calculated and/or
m‘ziy be determfned using a lookup table that has been generated empirically.
30 [00421]

accordancg/ with an embodiment of the present disclosure. The air detector 108 may be the

Fig. 33 shows a block diagram of an air detector 108 using a camera 109 in

air detecybr 24 of Fig. 1, the air detector 410 of Fig. 2 or Fig. 3, or the air detector 65 of Fig.

tionally or alternatively, in some specific embodiments, the air detector 108 may be

N
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formed within the drip-chamber holder 58 and the came\rhxl\()Q ay be the camera 65 of the
drip-chamber holder 58 (see Figs. 4 and 5). |
[00422] The air detector 108 includes the camera 1§ )., a backlight 110, a processor
584, and a memory 585. The backlight 110 shines light through the tube 111. The camera
5 may optionally include an IR filter on its lens and/or/the backlight may be tuned to an
infrared wavelength or bandwidth, e.g., to correspond i the IR filter.
[00423] The camera 109 may be operatively goupled to one or more processors 584
that are in operative communication with a computer readable memory 585, e.g., RAM,
ROM, disk, hard disk, memory, ctc. The compufer readable memory585 may include oné
10 or more operative instructions configuration [¢r execution by the one or more processor.
The one or more operative instructions may implement an algorithm to detect or-determine
the present of air within the tube 111; for expmple, by determining or detecting the presence
of one or more bubbles within the tube 11¥.
[00424] Additionally or alternativgly, the system 108 can be used 1o detect the status
15  of the tube 111 designed to transport fuid, e.g., in this example IV tubing. The camera 109
may be a digital camera that capturef images of the tube 111 that is back-lit with a diffuse
light from a backlight 110). The backlight 110 may consist of a clear plastic material edge-lit '
with a set of LEDs (c.g., as is usef on a liquid crystal display). The camera 109 may capture
one or more images so that ghe one or more processors can detect or determine the
20  following: (1) if the tube 111/as been installed in the device; (2) if the tube 111 has been
primed (i.e., is full of liquig); (3) if there are bubbles in the tube; and/or (4) the co]or and
opacity of the fluid in the hbe.
[00425] Referringhow o Figs. 34, 35, and 36 for a description of an exemplary use
of the system 108 of Fje. 33. The detection algorithm residing within the memory 585 and
25  executed by the procgssor 584 (see Iig. 33) uses three template images: one representing no
tube installed; anotfier representing a tube installed with clear liquid therein; and another
representing a thiff vertical slice of a bubble as shown in Iig. 34. The algorithm quantifies

how closely cacjf scction of the tube 111 matches the bubble template of Fig. 34, the no tube

template, or th€ tube template with liquid therein. The matching algorithm may utilize the
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such as. for example, CV_TM_SQDIFF, CV_TM_SQBIFE\,N MED. CV_TM_CCORR,
and/or CV_TM_CCORR_NORMED. b
[00426] The pattern matching algorithm may scan fy m one side to the other side,
e.g., from left to right. As the processor 584 scans acrosy the image, the pattern matching
algorithm tries 1o match each template to one of the scanged section. If a templale matches,
and several scans later, no template is matched and fingdlly another template is matched, the
processor may interpo]alé that the later template is thg’most likely one that should have been
matched. For example, when scanning from left tg right, in region 191, the template of a
tube with liquid therein matches. When transitionjhg from a side of the bubble 112 from the
left, a region 194 on the left side of the bubbfe within the box 112 may not match any
template, and I'inally; within the box 112, the jubble may match to the air template in region
193; the procesé‘()r 584 may assume the regson the pattern matching algorithm could not
match the intermediate region of 194 wit é template is because the bubble’s image started
t0 change the camera’s view. Therefgfe, in this example, the region 194 in which no
template was determined to match, tfe processor 584 may assume that the bubble was
present. Also note that interpolation jnay be used in regioﬁ 195.

[00427] If there is a close 1 Aatch (including the interpolation as described above) a -
bubble can be identified as is sh fyn in the box 112. The size of the bubble in the box 112
can be estimated based on the ghbe’s 111 diameter (either known in advanced or mecasured
#3) and the bubble length found in the template matching

d by the box 112. The box 112 may mode] the bubble as a

by the camera 109 of Fig.
algorithm, e.g., as determi
cylinder having the diamgler of the tube 111. The bubble information can be compared
frame to frame to keep prack of how many bubbles have moved through the field of view
and their sizcsl(’and thyfs the Vlotal amount of air delivered to a patient may be tracked). The
processor 584 may ifsue an alert or alarm if any bubble exceeds a given size, if the total
amount of air passije through the tube 111 exceeds a predetermined threshold, or if the total
amount of air pafsing through the tube 111 exceeds a predetermined threshold within a
predetermined gmount of time. In some cmbodiments, the color of the fluid may be used to
esiimaic and/gf determine the amount of air dissolved within the liquid within the tube 111,
[00428] In some embodiments, the bubble of Fig. 36 may have its shape estimated.
For exampfe, edee detection may be used to identify the left and right edges of the bubble to
estimate fits volume, e.o., Canny edge detection, a first-order edge detection algorithm, a

secondforder cdge detection algorithm, a phase congruency-based edge detection algorithm,



10

15

o]
n

30

WO 2013/096909 T/US2012/071490

-
in OpenCV. Additionally
previous pixels from a side
(e.2., the left side) and compare that to an average of the ne 1V5 pixels (e.g., the right side),’
and when the change exceeds a predetermined threshold/the edge of the bubble may be
determined to be present.
[00429]  Additionally or alternatively, the cameya 109 can capture an image with a
threshold amount of red Hquid within the tube 111 sufh that the one or more processors 584
| determines that blood is present within the tube 1 For example, the system 108 having
the camera 109 of Fig. 33 may be used to form th infiltration detector 32 of Fig. 2. One or
more of the pumps, €.g., pumps 19, 20, and 2/, may be used to create a backpressure to
determine if the catheter is properly in the veln. That is, if the catheter is properly within
the vein, then a small amount of negative pfessure within the tube should draw blood into
the tube. ‘As shown in Fig. 37, blood 11 may be captured within an image taken by the
camera 109 of Fig. 33, which is then prgcessed to.determine that a threshold of red exists.

Fi

Si]

. 38 shows a region 114 determined/by the one or more processors, e.g., processor 37 of

i
=i
<

g. 2, that a threshold amount of red/color exists. The white pixels depicts that a threshold

amount of red has been detected anj ‘Aa black pixel depicts that a threshold amount of red has
not been detected for that pixel.
[00430] In another embgdiment, the pixels are converted to grayscale and then a
threshold amount of a dark £olor may be used to determine that blood exists at each
individual pixel. For exargple, if the pixel is determined to be below a threshold (e.g.,
closer to black beyond a threshold), that pixel may be determined to be blood and is thereby
converted to white while the remaining pixels are converted to black (or in ‘other
embodiments, vice vey fa). For example, the image taken may be in RGB format which is
then converted to a frayscale image using the void cvtColor() function of the OpenCV
library using the _RGB2GRAY color space conversion code.  The threshold amount
may be 50, 128,
[00431]

infusion site pfonitor 26 of Fig. 2 receives no blood or less than a predetermined amount ol

" may be dynamically adjusted.

!

¢ processor 37 may determine that infiltration has occurred when the

blood withiyf the tube when a predetermined amount of negative pressure is present within
the tube, g¢le., when running an infusion pump in reverse. The amount of blood may be
determingd by summing the white pixels within the region 114. The tube may include

fiduciafs to help locate the tube and/or the tube’s holder.  Additionally or alternatively,

(/]
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fiducials may be used to indicate distance, e.g., theﬁ)ﬁlm\e of blood in the tube may be
correlated with the length of the blood within the tube using Ahe fiducials, for example, to
prevent drawing back too much blood during an infiltration ¢ st

[00432] Fig. 39 shows an infiltration detector 115 infaccordance with an embodiment
of the present disclosure. The infiltration detector 115/of Fig. 39 may be the infiltration
detector 32 of Fig. 2. The infiltration detector 115 infludes a photodiode coupled to a T-
connector 117. The T-connector connects the tube 1)8 to the tube 119 that feeds liquid into
121. The infiltration detector 115 also

124. 'The photodiode 116 and the LED

the view 120 via an internal portion of the cathete
includes an LED 122 that shines light into the skj
122 may be coupled to a processor that impllements an algorithm to determine when
infiltration has occurred, e.g., processor 37 of the infusion site monitor 26 of Fig. 2. The
algorithm may b’feAimplememed by an opejfative set of processor executable instructions
(e.g., as stored on a memory 38) configured for execution by the processor (e.g., the
processor 37).
[00433] Blood entering into e wbe 119 and found around the catheter has
significant light absorbing propertigh at specific wavelengths that would minimize the
passage of light from the LED 122/through a light path that passes through soft tissue, the
vein wall, venous blood, and the fluid in the 1V catheter and tubing 119. When infiltration
has occurred, fluid should surrofind the internal portion of the catheter 121 (e.g., 18 Gauge),
and the amount of light from/the LED 122 to the photodiode 116 is reduced from optical
absorption caused by the bjood. This is in contrast to an infiltrated state where IV fluid
surrounding the catheter ¥21 minimally absorbs or attenuates the same light wavelength
absorbed by venous blogdd and therefore allows a larger intensity of light to pass from the
LED 122, throﬁgh the goft tissue, extravasated fluid, and then into the catheter 121 and 1V
tubing 119 to the lighf detector, e.g., the photodiode 116.

[00434]  The photodiode 116 may be disposed such that it could receive any light
passing through ¢ catheter 121 and the tube 119. The T-connector 117 is configured to
allow fluid to sfmultancously pass into the catheter 121 from tube 118 via tubc 119, and
allow ]>ight {rofn the tube 119 1o be diverted into the photodiode 116.
[00435] The LED 122 emits light at a wavelength that is atlenuated by the
hemoglobifl in the blood and is positioned to illuminate the surface of the skin 124 near the
open endfof the catheter 121. When the catheter 121 is properly placed within the vein 126,

the attehuation of the illumination from the LED 122 by blood reduces the amount of light

'h
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that reaches the photodiode 116. Additionally, when- Qe atheter 121 is no longer
.positioned within the vein 126 (e.g., which occurs when/an infiltration occurs), the

illumination from the LED 122 passes into the catheter 121 aﬁd through the tube 119 10 be

detected by the photodiode 116.

[00436] Fig. 40 shows a graphic 127 illustrating the optical absorption of oxygenated

and de-oxygenated hemoglobin in accordance witfi an embodiment of the present

disclosure. The graphic 127 shows that both oxygehated and de-oxygenated hemoglohin

have strong absorption in the 530-590 nanometer sAnge and the 400-450 nanometer range.

[00437] Referring now (o Fig. 41, Another infiltration detector 128 in accordance with
another embodiment of the present fsclosure is shown. The infiltration detector 128
includes a laser 129 to further illumirate the vein 126. The photodiode 116 is placed at the
end of a syringe 130), which includg b,a wrapping of copper tape to minimize stray light. The
LED 122, the laser 129 (c.g., a lgber pointer), or both may be used to illuminate the end of
the catheter 121.. The LED 122/may emit light having wavelengths about 625 nanometers,
and the laser 129 may emit lié t red wavelengths.

[00438] In some embgdiments of the present disclosure, the catheter 121 and/or the
tube 119 includes a stainlfss steel needle (e.g., 18 gauge) having connectors wrappéd in
aluminum foil. In yet Additional embodiments of the present disclosure, the LED 122
and/or the laser 129 mgf be modulated to enhance detection by the photodiode 116.

[00439] The syringe 130 may be used to apply a negative pressure to the tube 119.
The processor 37 of Fig. 2 may be coupled to the photodiode 116 and a position sensor of
the syringe 130 t¢/determine if an infiltration has occurred. If, after the syringe 130 (either
manually of viafan automatic actuator) is pulled back as sufficient amount of distance and

no blood is defected by the photodiode 116 (e.g., from spectral absorption by the blood), the

)

processor 37/may issue an alert and/or alarm to indicate that an infiltration has occurred.
[00440] In another embodiment, a small {iber optic disposed through the catheter 121
or needl¢/illuminates the area at the tip of the catheter 121, e.g., the LED 122 is coupled to

the fibgh optic cable to guide light into the vein 126. Additionally or aliernatively, a pulse
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oximeter over the IV site may be used 10 autcmsﬂ-y \m fisure a baseline profile of
absorption to detect changes caused by an infiltration, e.g., usifig the processor 37.
[00441] It yet additional embodiments, a fluorescent ‘balin ¢ is optionally applied to
the tip of the needle of the catheter 121 that is excjflable by light in a wavelength
-5 significantly absorbed by venous blood. For example, folored light which is absorbed by
hemoglobin would not be detectable when the cathetef 121 is pr()pe‘rlyv located in the vein.
When the catheter 121 was located outside of the veift, this light would not he absorbed and
would become detectable by the photodiode 116./ The fluorescent coating will emit less
when the exciting light is absorbed by the hemoglobin, and the emitted light may also be
10 absorbed by the hemoglobin.
| [00442] For example, the emitted light from the fluorescent coating may be different
than the exciting"ﬁght, e.g., from the LED 122, and the photodiode 116 may include a filter
to filter out the exciting light from the LEP) 122 and to receive the light being emitted from
the excited fluorescent coating. In gbme embodiments, the fluorescent coating may
15  fluoresce when a black light is applied/ Additionally or alternatively, the LED 122 may be
modulated. '
[00443] Tig. 42 shows a perpective view of an occluder 131 in accordance with an
embodiment of the present disclobure. Fig. 43 shows a side view of the occluder 131, and
Fig. 44 shows a side view of the occluder 131 in operation. Referring now to all of Figs.
20 42, 43, and 44, the occluder 171 includes occluder edges 132 and a pivot 133. The occluder
131 may include a spring (flot shown) to force the occlude edges 132 against a tube 135.
Additionally or alternativefly, the occluder 131 may include an actuator 134 to actuate the
occluder 131 against the fube 134.
[00444] The ocgfuder 131 may be used within a peristaltic pump such that when a
25  door is opened for pgkitioning the tube 135, the occluder 131 is opened for placing the tube
135 within the regfon of the occluder edges 132, When the door is opened again, the
occluder 131 may/transition from an open to a relaxed state by action of the actuator 134 to
occlude the tub 135.
[00445]

30  with an em

Fig. 45 shows a side view of a valve 136 for use in a cassetle in accordance
diment of the present disclosure; Fig. 46 shows a top view of the valve 136;
7 shows another side view of the valve 136 installed within a cassetie in
le with an embodiment of the present disclosure. As is casily seen in Fig. 45, a

illustrates the flow of fluid. In Fig. 46, the exit orifice 138 and reentry orifice 139
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are visible. Fig. 47 shows a membrane 140 when lhe\v\a]<e 36 is installed in a cassette.
The membrane 140 may be set to compress again the valve /136 and may be 0.032 inches
thick. The membrane 140 may use an UV-cured adhesive. he membrane 140 prevents the
fluid from flowing in the wrong direction, e.g., opposite i that of the path 137 as shown in
Fig. 45. When the fluid attempts to flow in the wrongMirection, the suction force presses
the membrane 140 against the exit orifice 138 preventing fluid from flowing from the
reentry orifice 139 to the exit orifice 138. Additionlly or alternatively, a plunger coupled
to an actuator may be used to compress the membrgne 140 to further close the valve 136. In

yet an additional embodiment of the present discfosure, a positive or negative pressurc may

~ be applied to the top of the membrane 140 to cofitrol the valve 136.

[00446] Fig. 48 shows a sliding valve 141 having an inclined plane to provide sealing
in accordance with an embodiment of the prgsent disclosure. The sliding valve 141 includes
a sealing surface 142 and a mounting surfgte 143. As seen from Fig. 49 which shows a side
view of the sliding valve 141, the sliding/valve 141 includes spring arches 144, and a wedge
145 1o create a downward force to sealfhe port 146 of the mount 147 as shown in Fig. 50.

[00447] A downward force onfthe spring arches 144 causes the sliding valve 141 to
slide away from the mounting surfgles 143 exposing the valve port 146. When released, the ‘

spring arches 144 force the scaljig arm 148 towards the mounting surfaces 143, and the

[§-]

downward force wedges 145 mgke contact with a molded counterpart in the mount 147 and
force the sealing surface 142 g

[00448] Figs. 51-55

to the valve sealing surface port 146.

ow a vent 149 for a reservoir 150 in accordance with an
embodiment of the presenydisclosure. The vent 149 may be used on the fluid reservoirs 2,
3, or 4 in Fig. 1, may befused on the air filter 50 or with the drain chamber 53 of the pump
19 as shown in Fig. 3./The vent includes a septum. 151, an air permeable filter 151, and a
tube 153. In some eghbodiments of the present disclosure, a reservoir 150 of an infusate is
rigid, e.g., a rigid TY bag or other fluid reservoir for a fluid pumping device. The reservoir
150 may include gfvent 149 to allow lluid flow out of a rigid reservoir 15() while venting the
fluid reservoir Y50 with an air permeable filter 152.. In some embodiments, the vent 152
may not be ifpermeable to water vapor. However, by placing an oil plug 154 inline
between theffluid reservoir 150 and the air filter 152, infusate 155 losses are reduced
because th¢f 0il 154 prevents the infusate from evaporating through the oil plug 154,

[00449]

reservoj

The oil plug 154 is created by placing the septum 151 upstream of the

- 150 in a relatively narrow cross-sectioned section of the reservoir 150 as shown in

61



10

15

20

M
L

30

WO 20613/096909 CT/US2012/071490

~
N

I'igs. 51. 52, 53, 54, and 55. As shown in Fig. 52, oil iS.{l\is fnjected through the septum
151 through a filing needle 156 before injecting the infusate I55 (as shown sequentially in
Figs. 53 and'54). An amount of oil 154 is left in between t ei air filter 152 and the infusate
155 at the end of the fill. As air is drawn into the reservoiy 150 through the air filter 152, as
shown in Fig. 55, the oil 154 advances with the infusate }35 preventing evaporative losses.
[00450] Additionally or alternatively, in some efnbodiments, the oil plug 154 is pre-
loaded into the tube 153 in hetween the septum 156/and the air filter 152; for example, as
would be the case if the fill procedure began as shoyn in Fig. 52.

[00451] Figs. 56-58 illustrate the stages of a flow meter 157 in accordance with an
embodiment of the present disclosure. Fig. 56/illustrates a first stage, Fig. 57 illustrates a
second stage, and Fig. 58 illustrates a thirg/ stage. The stages of Figs. 56-58 may be
implemented as d method in accordance with an embodiment of the present disclosure. A
pump disclosed herein may be coupled upfstream via the input port 162 and/or an infusion
pump may be coupled to the output poyt 163 downstream to create a fluid from the input
port 162 through the flow meter 157 tg he output port 163.

[00452] The flow meter 157 jficludes a chamber 158 divided by a membrane 159.
The membrane 159 divides the chfmber 158 into a first section 160 and a second section
161. ‘The flow meter 157 incluges an input port 162 and an output port 163. The flow
meter 157 includes first 164, sgtond 167, third 166, and fourth 165 valves. The input port
162 is in fluid communicatigh with the first section 160 via the first valve 164 and the
second section 161 via the fpurth valve 165. The output port 163 is in fluid communication
with the first section 160 fia the third valve 166 and thé second section 161 via the second
valve 167. The chambfr 158 may be spherically shaped or cylindrically shaped. 'The
chamber 158 ﬁlay be pigid, e.g., the chamber 158 may be made out of a plastic, metal, or
other rigid or semi-rigid material.

[00453] The flow from the input port 162 to the output port 163 may be monitored by-
usc of the flexiblf membrane 159. The passage of fluid may be controlled via actuation of
the first valve 164, the second valve 167, the third valve 166, and the fourth valve 165. To
fill the second section 161 of the chamber 158 and empty the first section 160 of the
chamber 15§, the first valve 164 and the second valve 167 are closed while the third valve
166 and the fourth valve 165 are opened. This pushes the diaphragm or membrane 159 to
the top sfde of the chamber 159 as shown in Fig. 57. As illustrated in Fig. 58, this process

can be feversed 1o fill the first section 160 and empty the second section 161 by opening the
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first valve 164 and second valve 167 while closing the ﬂﬁd\xal e 166 and fourth valve 165,

Because the volume of the chamber 158 is known, the volumg of fluid flowing through the
input port 162 to the output port 163 can be estimated by c movement of the membrane’
because it is expected that the membrane 159 will becomefflush against the inner surface of
the chamber 158.
[00454] To determine when the membrane 159 fi.e., diaphragm) has reached the top
uld be added to the input valve 162.
When the membrane 159 reaches the end of the trayel, the flow from the input port 162 will
be occluded and the pressure will increase. At #his point, the valves can be switched (aé
shown in Fig. 58) and the process continued on he opposite chamber.

[00455] In some embodiments of the present disclosure, the valves 164,165, 166,
and 167 may be h;iéchanically toggled. The iiput port 162 pressure could potentially be used
to mechanically toggle a switch that alterflately opens and closes the two pair of valves in
each state as illustrated by Figs. 56-57 for Fig. 58. For example, the inlet pressure could
expand a spring-loaded diaphragm whjch pushes on a latching mechanism that controls the
valves 164, 165, 166, and 167. |
[0()456] Additionally or alteghately, in some embodiments, the chamber 158 may be .
made of a clear material (polychrbonate, topaz, etc.) and the. diaphragm 159 out of an
opaque material, and a camera phay be used to observe the chamber 158 and detect when the
diaphragm 159 has reached the end of its travel. In yet another embodiment, a "target”
image may be placed on thefdiaphragm 159 and a pair of stereo cameras (not shown) could
detect when this target hgs reached the chamber 158 housing edge and is viewable. For
example, there may be gfcamera to view the first section 160 from the outside and another
camera to vicW the secgnd section 161 from the outside.

[00457] Fie.

(Y

shows a diagram of a disposable portion 168 of a flow rate meter in
accordance with anfembodiment of the present disclosure. The disposable portion 168 may
be part of the floy meter 10, 11, or 12 of Fig. 1, the flow meter 169 of Tig. 2 for use within
the infusion site/monitor 26, or may be the [Tow meter 48 of Fig. 3 for use with the pump 19
(in some embbdiments, the flow meter 48 is coupled to the tube 56). In yet additional
embodiment$, the disposable portion 168 is part of an integrated flow rate meter and
membrane/pump. The disposable portion 168 may interface with an upper clam-shell
Acoustic/Volume Sensing (AVS) assembly and a lower clam-shell AVS assembly (e.g.. the

upper ¢fam-shell AVS assembly 192 and the lower clam-shell AVS assembly 193 of Fig. 70
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as described below). Acoustic volume ‘sensing is descrﬁe\d\in\ grfater depth in the section of
the detailed description tilted “ACOUSTIC VOLUME SENSING”
[00458] The disposable portion 168 includes inlet tubi
collar 171, an inlet Duck-bill occluding valve 172, a dispgable body 173, fluid tracks 174
and 181, an AVS chamber 175 (described below), a

g 170, an inlet occlude release-

air purge and spectral analysis
window 176, and an outlet assembly 177. The outlet Assembly 177 includes an occluding
valve 178, a release Collaf 179, and an outlet tubing 1§0.

[00459] The duck-bill valves 172 and 178 flay be actuated open by deforming the
duck-bill (pinching the slot) when AVS clam-shdfls (sce Fig. 70) are closed over the AVS
fluid chamber 175, and/or there may be separalf components on the tubing set to open the
valves 172 and 178 manually (e.g. sliding an ofal ring over the duck bill to open it; etc.).
[00460] The AVS chamber 175 may We utilized to measure the fluid flowing through
the disposable portion 168. That is, the AVS system described below can measured the
volume of fluid within the AVS chambgr 175. The flow rate may be communicated by a
processor to the monitoring client ¢/ e.g., via a wired or wireless connection. ~ The
measurement taken from the AVS ¢hamber 175 may be operatively communicated to a’
processor, €.g.. the processor 37 of fhe infusion site monitor 26 of Fig. 2 or the processor 38
of the pump 19 of Fig. 3 to co
chamber 175.

[00461] Referring to Figs. 1 and 59, the disposable portion 168 may be used (with the

rol the measurement of fluid flowing through the AVS

full clam-shell AVS assembly described below) to control the flow of the pumps 19, 20,
and/or 21 (directly or via gfcontrol system within the monitoring client 6) or may be used to
indicate when a predeteryhined amount of fluid has been fed into the patient 5, in which case
a signal 1s sent- to the gumps 19, 20, and/or 21 1o stop fluid flow (directly or via a control
system within the mghitoring client 6). In some embodiments, the disposable portion 168,
when used as a flofv meter with the full clam-shell AVS assembly, can be used to run a
pump in a fixed yblume mode with a variable fill and/or empty time, can be used to run in a
variable volumg with a fixed and/or variable fill or cmpty time, or can be run in a fixed
measurement Anterval, etc. Additionally or alternatively, the disposable portion 168 may
detect errof conditions or run-away conditions (e.g., fluid is flowing beyond a
predetermjhed threshold), which may cause the flow rate meter using the disposable portion

isfue an alarm or alert, e.g., direclly or to the monitoring client 6. The alarm or alert
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N
may be used to cause one or more of the valves 16, 17,\1‘8

fluid flow.

\an'/or 25 to prevent additional
[00462] Referring again to Fig. 59, the disposable poy ibn 168 may be formed by two
or more sheets of barrier film or layers of barrier film andfa rigid plastic sheet that arc heat
sealed together. The disposable portion 168 may be use with (or is part of) the disposable
portion 194 of Figs. 60-62, the disposable portion 201 #f Figs. 63-65, the disposable portion
208 of Figs. 66-68, and the disposable portion 220/of Fig. 69. The fluid tracks may he
incorporated into the film and/or the rigid plastic/(e.g. they may be thermally formed or
simply an area of the film that is not heat sealed). /For example, the rigid portion may dcfiné
the fluid tracks 174 and 181, and the AVS chanfber 175; and a flexible layer may be placed
over the rigid sheet such that the flexible layeyfis generally flat when in an unpressured state
over the rigid layer ‘ ‘
[00463] = For example, the disposab}e portion 168 may be formed from three layers
using a rigid plastic sheet with a barrief film/membrane on either side that contains fluid
tracks routed on one (or both) sides chnected by through hole(s) in the rigid plastic sheet
(e.g.,a"via"). '
[00464] The AVS chamber 75 may be incorporated into the film and/or the rigid .
plastic (c.g. thermally formed or gfmply an area of the film that is not heat scaled; that is, the
chamber expands with the elasgpmeric potential when filled). ‘The fluid may be routed into
the AVS chamber 175 via ﬂ id tracks in the film/membrane, e.g., when using the three
layer design. For example, jhe AVS chamber 175 may be fed by holes in the AVS chamber
175 with the fluid tracks A74 and 181 on the opposite side. In some embodiments, these
holes are part of a valvi

tubes 170 and .1 80 ma

2 system that works on the fluid tracks on the opposite side. The
interface into the fluid tracks 174. The tubes 170 and 180 include
normally closed occlfiding valves 172 and 178, respectively. Additionally or alternatively,
in some embodimefts of the present disclosure, the occluding valves 172 and/or 178 may bhe
one-way valves.
[00465] ¢ air purgc and spectral analysis window 176 may be transparent for
spéclral imagjhe and/or analysis of the composition of the fluid contained therein. [or
example, thefspectral analysis window 176 may be used by a camera to detect blood therein
or to detefmine the spectral absorption or reflection of the material therein which is
compared 10 a database to determine the likely composition of the fluid and/or a

concenfration ol a material,
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[00466] The air purge 176 may include a micorporous Jydrophobic membrane that
. N

has one side in contact with the infused fluid and the other fide is exposed to atmosphere
air. The micorporous hydrophobic membrane may b | located, in some specific
embodiments, in a pressurized section of the flow path. The air purge and spectral analysis

5  window 176 may include an integral air bubble trap to grevent free flow of bubbles and/or
pressure may drives trapped bubbles across the membfane while {luid passes past the trap,
etc. ' |
[00467] The disposable portion 168 may/optionally include several alignment
features 182, which may be ink markers, holes, jidentations, or other alignment fcaturc(sj.
10 The disposable portion 168 may be constructeq using stamping, vacuum forming and heat
| sealing, and can use materials known to be £ompatible with infusion fluids (e:g. IV bag
materials, polycéi"b'onates, Topaz, etc.). _
[00468] -~  Figs. 60-62 show several viEws of a single-sided disposable portion 194 of a

flow meter in accordance with an embofliment of .the present disclosure. Fig. 60 shows a

15  side view of the disposable portion 194 of a flow meter, Fig. 61 shows a top view of the
disposable portion 194 of the flow mpter, and Fig. 62 shows an end view of the disposable
portion 194 of the flow meter. ’
[00469] ‘The disposable pgfition 194 includes a onc or more film layers 195 that
define a fluid space 196 with a Pottom film 197 that may be rigid (in some embodiments the

20 bottom film 197 is semi-rigid
forms an AVS chamber 199.

ihto and out of the AVS chamber 198 via the fluid track 199. The

or flexible). As is easily seen in Fig. 61, the film 195 also
As seen in Fig. 62, the AVS chamber 198 is positioned to
measure the fluid flowing |
fluid track 199 interfacef with the AVS chamber 198 allowing it 10 expand as fluid enters

into the AVS chamber 98 from the fluid track 199. The fluid track 199 may hold a volume

]
N

of, in some specific gmbodiments. .025 cc allowing for 300 milliliters per hour maximum
flow rate. The layefs 195 are head bonded along length 200.

[00470] Asfshown in Fig. 62, the {luid track 199 formed by the layer 195 is visible
and the AVS ¢ amber 198 is also visible; however,.the layer 195, in some embodiments,
transitions frofn the fluid track 199 to the AVS chamber 199 when transitioning from the
30 left side of tffe disposable portion 194 1o the right side as shown in Fig. 61. For example, in
Tig. 62, thf fluid track layer 199 is relatively proximal (along a length 284 of Fig. 61) to the
AVS chafmber 198 (which is along a length 285 of Fig. 62), which is distal in the view

shown fn Fig. 62.
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[00471] Figs. 63-65 show several views of a d@ks&le disposable portion 201 of a
flow meter in accordance with an embodiment of the presept disclosure. The disposable
portion 201 includes one or more top films 202 with one 1 more bottom films 203 that
together define a fluid space 204. Either one of the filphs 202 and/or 203 may be rigid,
semi-rigid, flexible, or elastic. In additional specific embodiments, a rigid, planar layer may
be positioned between the layers 202 and 203 (not dgpicted) with the layers 202 and 203
being flexible. V
[00472]  As is easily seen in Fig. 64, the filfas 202 and 203 form an AVS chamber
205. As is casily scen Fig. 65, the AVS chambgr 205 can measure fluid received from a
fluid track 206. Also, fluid may leave the AVS chamber 205 via the fluid track 206. As
also shown in Fig. 65, the heat sealed and/or Honded interface 207 is shown. As mentioned,
in some embodifﬁ'ehts, a rigid member (not.

202 and 203 thereby defining two AVS Lhambers 205 and two fluid tracks 206; in this

own) may be placed in the center of the layers

specific embodiment, a small hole may hxists between the two fluid tracks 206 and/or the
two AVS chambers 206 to provide prefsure equalization therebetween. Any common mode
compliance of the fluid track 206 wgfld be accounted for by one of the AVS chambers 205
thereby providing a self balancing ¢f the AVS measurements.
[00473] Figs. 66-68 show feveral views of a three-layer, opposite-sided, disposable
portion 208 of a flow meter infaccordance with an embodiment of the present disclosure.
The disposable portion 208 i/ formed by a top layer 209 and a bottom layer 212 having a
rigid plastic layer 210 thereffetween. The rigid plastic layer 210 has two holes 217 and 218
that allow fluid to f)ass betyheen a fluid space 211 and the AVS chamber 213.

[00474] The fluid/passes from the fluid track 215 through the holes 217 and 218 to
transgress lhroﬁgh the AVS chamber 213, Also, the disposable portion 208 includes a heat
bonded portion 219.
[00475] Tie. A9 shows a top view of another disposable portion 220 of a flow meter
in accordance wigh another embodiment of the present disclosure. . The disposable portion
22() includes ong or morc layers bonded to a rigid body 259. 'The rigid body 259 includes a
. 260. The AVS chamber 261 may protrude out of both side of the rigid body
259 allowind an AVS assembly (not shown) to swrounding the AVS chamber 261 to
estimate the volume of the AVS chamber 261. Air may completely transgress through the
cut-out fortion 260 such that a variable volume may be positioned completely (or

substanfially) around the AVS chamber 261, The disposable portion 220 may be formed
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from one or more elastic layers sealed to the rigid bod§‘~2§9. The disposable portion 220
: N

includes fluid tracks 262 and 263 enabling fluid to transgresy and egress through the AVS
chamber 261. |
[00476] Fig. 70 shows a flow meter 221 includingfa full AVS clam shell assembly
and a single-sided disposable portion (e.g., the dispgbable portion 194 of Fig. 62) in
accordance with an embodiment of the present disclosyfe. The flow meter 221 may fill .025
ce of liquid for up to 300 milliliters per hour.

[00477] The AVS clam shell assembly incl

192 and the lower clam-shell AVS assembly 193/ The lower clam-shell AVS assembly 192

les the upper clam-shell AVS assembly

may be slightly biased for proper seating in the/ lower backing 233 and/or it may include a
-rigid plastic sheet or stiffener to compliment the vents 224. The upper and lower clam-shell
AVS assemblies"‘192 and 193 may circumfgrentially surround the AVS fluid volume 224,
e.2., just outside the heat seal using aftrough/protrusion “pinch”; and an o-ring may
optionally also be used to seal the AVS fluid volume 224. The flow meter 221 may
optionally include an air sensor as degcribed herein, e.g., ultrasonic- and/or camera-based
air sensor, to determine if air beyondfa threshold is being delivered to a patient; an alarm or
alert may be issued in responsefto the air exceeding the threshold. Additionally or '
altcrnatively, the air may be sulftracted from the volume of liquid estimated as flowing
through the flow meter 221.
[00478] The flow metef 221 includes an AVS reference chamber 222, a reference
microphone 223, a resonancf port 224, an integral perimeter seal or valve 225 (shown in the
open state), another integhal perimeter seal or valve 230 (shown in the sealed state), a
variable volume microphone 226, a speaker 227, and a variable volume 228. The flow
meter 221 also.include a spring disk 229. The spring disk 229 may include a small hole for
pressure equalizationf The spring disk 229 may be formed, in some embodiments, out of an
clastomeric [ilm o

fluid into the AVS

layer. In some embodiments, the spring disk 229 is used to bring in
fluid volume 224. The spring disk 229 may provide a spring via pre-
forming and/or fhe variable volume 228 may have a negative or positive pressure relative to
cither the ambfient air and/or the fluid flowing through the AVS fluid volume 224.

[00479] The valves 225 and 230 slide along the body of the upper clam-shell AVS
assembly 92 o permit or occlude [luid from enter or leaving the AVS fluid volume 224.
The valvfs 225 and 230 are coupled to an actuator (e.2.. linear servo, linear stepper motor, a

cam foflower coupled 10 a rotating cam, ete.) to control the valve states of the valves 225
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and 230. The valves 225 and/or 230 may: be norma]ly\dos\ed; Actuated open (e.g., using a
solenoid and/or Nitinol); include a position sensor; cone-shapedl (e.g., a cone shaped plunger
from the fluid track side pushes through the elastomer int ihe AVS chamber inlet/outlet
holes to form a seal); and may include an opposing pressug seal to determine if the valve is
applying sufficient pressure. The actuators may be couplled o a processor disclosed herein
(e.g., the processor 37 of Figs. 2 or 3). The valves 2£5 and/or 230 may both close in an
error condition to prevent fluid from being sent to apatient, e.g., when the processor 37 of
Figs. 2 or 3 and/or the monitoring client 6 deterpfines that an error condition exists that
requires the stoppage of the fluid flow to the/patient. ‘The processor may coordinate
operation of the valve 225 and 230 such thay the AVS volume 226 is filled when, for
~example, a pulsing pump pumps liquid dgfwnstream. The flow rate meter-221 may
coordinate its opéi'ation with a pump, e.g., vja wireless information received from the pump,
such as a flow rate, pulse times, pulse durgfions, pulse volumes, pulse frequency, etc.
[00480] The speaker 227 emits oge or more acoustic frequencies which are received
by the reference microphone 223 and Ahe variable volume microphone 226. The acoustic
eain between the microphones 223fand 226" may be correlated with the volume of the
variable volume 228 to-determine t ve volume through the flow rate meter 221. Additionally
or alternatively, the phase shift Yetween the microphones 223 and 226 may be correlated
with the volume of the variable folume 228. The speaker 227 and the microphones 223 and
226 may be in operative cofhmunication with one or more processors to implement an
algorithm to determine thefvolume using AVS, e.g., the processor 37 of Figs. 2 or 3.
Additional details related o the operation of AVS are described infra in the section entitled
“ACOUSTIC VOLUME/SENSING.”
[00481] The filgfs 231 and 233 define a fluid space 232. As the fluid varies within
the AVS fluid volumf 224 by entering and leaving via the {luid space 232, the difference in
volume i1s calculatedl to determine the flow rate via the flow meter 221. That is, the variable
volume 228 has gh acoustic response that may be used to determine the AVS fluid volume
224, The flow 1Cté;‘ 221 also includes ventilation paths 225 to prevent air from building up
under the filmyf233 that defines the AVS fluid volume 224.
[00482]

meter 221/may be utilized as part of a membrane pump. Ior example, an actuator (not

In yet an additional embodiment of the present disclosure, the flow rate

shown) jhay interface with the spring disk 229 (or the film 231) 1o providing a pumping

action fvith the AVS fluid volume 224; the actuator may exists within the variable volume
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or may interface with the spring disk 229 via a sh; {hal \tra sgresses through the upper
clam shell assembly 192 (with an appropriate acoustic seal)/ The shaft’s volume 1néy be
accounted for in the AVS measurement and/or the entire ¢ ‘fuator may be in the variable
volume. |

[00483] Fig. 71 shows a side view of a {low rai meter 234 including a top AVS
assembly 236 and hottom AVS assembly 238 with infegral perimeter seal valves 239 and
340 in accordance with an embodiment of the presept disclosure. The flow rate meter 234
may include the disposable portion 201 of Figs. 63/65. The flow rate meter 234 may allow
for flows of up to 0.25 cc per fill for up to 300 milliliters per hour, in some specifié
embodiments, e.g., 0.125 cc for each side for 15 millimeters per hour on each side.

[00484] The top AVS assembly 236 /measures the acoustic response of the top
variable volume 241 and the bottom AVS afsembly 238 measures the acoustic response of
the bottom variable volume 242. The megburements of the acoustic response of the top and
nay be correlated to the top and bottom variable

the AVS fluid chamber 243 may be estimated by

bottom variable volumes 241 and 242
volumes 241 and 242. The volume .
subtracting a predetermined total vojime from the volumes of the AVS chambers 241 and
242. A processor disclosed hereif (e.g., processor 37 of Figs. 2 or 3) may estimate the
volume of the AVS fluid chambey/243.

[00485] In yet an additipnal embodiment of the present disclosure, the flow rate
meter 234 may be utilized as gart of a membrane pump. For example, one or more actuator
(not shown) may interface vfith the spring disks 235 and/or 237 (or the AVS fluid chamber
243) to provide a pumping action with the AVS fluid volume 243; the actuator may exists
within the variable volyimes 243 and/or 242 or may interface with the spring disks 235
and/or 237 via a shaft ghat transgresses through the AVS assemblies 236 and/or 238 (with an
appropriate acoustic/ seal).  The shafU’s volume may be accounted for in the AVS
measurement and/of the entire actuator may he in the variable volume.

[00486] Fi

sided AVS assginbly 245 with surrounding variable. volumes 246 and 247 in accordance

72 shows a side view of another flow rate meter 244 including a single-
with another ¢mbodiment of the present disclosure. The flow rate meter 244 may use the
disposable gortion 220 of Fig. 69. The variable volumes 246 and 247 may be in fluid
communicAtion with each other around the edges of the AVS fluid chamber 248. The AVS
245 measures the acoustic response of the chambers 246 and 247 to correlate the

7ol the AVS chambers 246 and 247. The total volume ol the AVS chambers 246 and
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247 is subtracted from the pl'edetel'xnined total VO]UIHC})-.QHI ate the volume of the fluid
within the AVS fluid volume 248.

[00487] In yet an additional embodiment of the py \anl disclosure, the flow rate
meter 244 may be utilized as part of ‘a membrane pugip. For example, one or more
; 286 and/or 287 (or the AVS fluid

AVS fluid volume 248; the actuator

5  actuators (not shown) may interface with the spring dis
chamber 248) to provide a pumping action with the
may exist within the variable volumes 246 and/or 247 or may interface with the spring disks
286 and/or 287 via a shaft that traverses throfigh the AVS assembly 245 (with an
appropriate acoustic seal). The shaft’s volugie may be accounted for in the AVS

10 measurement and/or the entire actuator may be i the variable volume.
| [00488] Fig. 73 shows a side view of yet another flow rate meter 249 including two
piston valves 250 and 251 in accordance 'wi_t another embodiment of the present disclosure.
The piston valves 250 and 251 may be coypled to actuators which are, in turn, coupled to a
processor, e.g., the processor 37 of Figgl 2 or 3. The flow rate meter 249 includes a top
15 AVS clam-shell assembly 252 and aottom AVS claim-shell assembly 253. The fluid
flows from the fluid track 254, throfigh a hole 255 and into the AVS fluid chamber 256.
Thereaftér, the fluid can flow through the hole 257 (when the valve 251 is in the open state, '
through the fluid track 258) and finally out of the flow ratc meter 249. The piston valves
250 and/or 251 may alternativelf open and close such onc of the piston valves is open while
20 the other one is closed. The, spring disk 229 may assist in the intake of the fluid or the
expelling of the fluid out of fhe AVS fluid chamber 256.
[00489] In yet an gllditional embodiment of the present disclosure, the flow rate
meter 249 may be utilifed as part of a membrane pump. For example, one or more
actuators (not Shown) ay interface with the spring disk 288 (or the AVS fluid chamber
25 257) to provide a puiping action with the AVS fluid volume 257; the actvator may exist
within the variable Aolume 289 or may interface with the spring disk 289 via a shaft that
transgresses through the AVS assembly 252 (with an appropriate acoustic seal). The shaft’s
volume may be Accounted for in the AVS measurement and/or the entire actuator may be in
the variable vofume.

30 [00490]

(262 and 2

Fig. 74 shows a flow rate meter 259 having top and bottom AVS assemblies
h3, respectively) which provide a semi-continuous flow in accordance with an
embodimént of the present disclosure. The flow ratc meter 259 includes valves 260, 261,

264, andl 265. The valves 260, 261, 264, and 265 may operate together to fill an AVS [luid
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volume 266 and 267 in a sequential, but opposite, m;;ﬁe{.\ BoOr example, the valves 260,
261, 264, and 265 may operate to {ill the AVS fluid volume 266 while discharging the other
AVS fluid volume 267. and vice versa. That is, when an S fluid volume is being filled,

the other AVS fluid volume may have an AVS measurerfent taken by the respective AVS
5  assembly.

[00491] The flow rate meter 259 also includes afsmall reservoir 268 to buffer to fluid
flowing from a pump and a variable occluder 269 thht may be coupled to a processor. The
variable occluder 269 may be varied such that the flischarge of the AVS fluid volumes 266

and 267 arc “smoothed” out 1o produce ‘a semi-cghitinuous flow to the patient (e.g., the AVS
10 fluid volumes 266 and 267 may be spring loadefl, such as with a disk spring, to force out the
| fluid). The processor may use the feedback fybm the AVS assemblies 262 and 263 to adjust
the variable occlude 269 to achieve a target flow rate to a patient.
[00492] - In one specific embodimenf, the flow rate meter 259: measures flow over a
range of 0.1 to 300 ml/hr; allows for ngn-metered flow rates of greater than 300 ml/hr to
15 2000 ml/hr; the flow resistance does got exceed 1 PSI across a flow range of 0.1 to 2000
ml/hr; the active volume accumulali 1 does not exceed 2 mﬂlimeters; has a hold up volume
of less than 0.5 ml; has a size of lefs than 1 inch, by 3 inches, by 1 inch for the disposable; '
may be battery or wired powerefl and may run at a rate of 100 ml/hr for 8 hours on the
battery power; and may includg a user interface that communicates with all of the valves,
20  sensors, and component wirel '.ssly. .
[00493] Fig. 75 showy a flow rate meter 276 having two in-line AVS assemblies 270
and 271 with several vafes 272, 273, 274, 275, and 277 to control to fluid flowing
therethrough in accordagfce with an embodiment of the present disclosure. The valve 275
allows the leasi amounf of fluid flow into the AVS volume 279 from the AVS volume 278,
25  the valve 274 allows/more fluid to flow into the AVS volume 279 from the AVS volume
278, and the valve £73 allow the most amount of fluid to flow into the AVS volume 279
from the AVS volime 278. The valves 273, 274, and 275 may be controlled to control the
flow {rom the pymp to the patient.
[00494]

30 AVS fluid vdlumes 278 and 279, respectively. The AVS fluid volumes 278 and 279 may be

The two AVS assemblies 270 and 271 may each take measurements of the

different bfcause of a pressure differences caused by the valves 273, 274, and 275 as the
fluid floyf from the pump to the patient. The continuous fluid flow causes a difference in

pressurg based upon the Bernoulli principle.
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[00495] A continuous flow sensor may utilize theﬁer\no li principle. For example, a

fixed orifice or other restriction in a flow path of a fluid (¢.g., one caused by an orifice
plate) may be used to measure a pressure drop across the ofifice to determine the flow rate

based on the Bernoulli principle illustrated in Equation (3}) as follows:

2
[00496] 0=C, /‘A" 4 (33
P AY
: : 1-1 22
“)

[00497] Where Q is the volumetric flow 1

e, Cq is the discharge coefficient which
relates (o turbulence of flow, p is the density of fhe fluid, A is the cross-sectional area just
in front of the restriction, A, is the cross-secfional area of the restriction, and Ap is the

pressure drop across the restriction. Equatign (33) may be simplified to Equatibn (34) as

follows:
. 2Ap
[00498] 0=C,A, f-——f— (34f.
P
[00499] Ao is the area of the orffice, and Cy is a constant related to the turbulence and

flow eeometry specific to the restrigfor design (Cy typically has a value between 0.6 and 0.9

that is derived empiricé]]y). Thergtore, the estimated flow rate is related to the area of the
orifice and the square root of thf measured pressure drop. The estimated flow rate is also
related to the density of the flujll being measured and the orifice geometry.

[00500] Therefore, the valves 273, 274, and 275 of the flow meter 276 may be
consi&red a restrictor (e.g/ serving as an orifice plate in a continuous flow rate meter) to
produce a measurable prgssure difference between the AVS volumes 278 and 279. The
AVS volumes. 278 and 279 may be correlated with respective pressures because the
respective membranesfforming the AVS chambers 278 and 279 will streich based upon the
pressure therein.
[00501] T'or fxample, the valves 272 and 277 may be opened therehy allowing fluid
to continuously ow from the pump to the patient. The AVS volumes 278 and 279 will
have a-dilferenge in pressure causced by the total restriction from one or more of the valves
27 3., 274, and/275 (which may, in some embodiments, be modeled as an orifice).

[00502]

and 279 a

The differential AVS volume measurements between the AVS chambers 278

> proportional to flow rate (the pressure difference may be correlated with flow

P

rate emgfirically). Any common-mode, down-stream pressure change would resull in a
volum¢ increase in both of the AVS chambers 278 and 279 thereby subtracting out the
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increase in the AVS chambers 278 and 279. Additionul®;~.a\pr determined positive change
in the AVS volume measurements may be considered an indfcation of an occlusion, and a
predetermined change in the flow rate may trigger an alarm gnd/or alert.
[60503] The valves 273, 274, and 275 allow a rangg of flow rates from the pump to
the patient to be used and also change the measurement jange of the flow rate meter 276. A
processor can actuate one or more valves 273, 274, dnd 275 and can determine the total
restriction of occlusion éaused by the valves 273, 27

of the valves 273, 274, and 275 may be correlated

, and 275. That is, the configuration
ith a model, e.g., a cross-sectional area
of a restriction using Equation (33) or(34), for fletermining the flow rate. 'The processof
may vary the valves 273, 274, and 275 to etermine the flow rate within a desired
measurement flow rate range.
[00504] The AVS assemblies 270 fand 271 perform a measurement within a
predetermined amount of time by sweepinf acoustic frequencies (as described herein), e.g.,
for one-half a second or 1/20 of a seconfl. In some embodiments, the AVS.assemblies 270
and 271 may perform two types of frefluency sweeps, e.g., a shorter {requency sweep (e.g.,
performed in less time) and/or a full frequency sweep, e.g., to do other error checking such
as, for example, to check for acofistic leak(s). The flow rate meter 276 may, in some ‘
embodiments, coordinate with a pump to introduce a periodic disturbance to calibrate the
flow meter 276 and/or for errgf checking. Additionally or alternatively, small reservoirs
400 and 401 may provide flui " dampening to "smooth" the flow in some embodiments. The
fluid reservoirs 400 and 40Y may be forrhed from an elastic matérial that defines a bubble-
type flexible bladder.
[00505] The valves 272 and 277 may have their operation coordinated to check for
error condition-s. For #xample, the valve 272 may be closed while the valve 277 remains
open to determine if £he fluid is being discharged to the patient for error checking (e.g., to
check for occlusiong, etc.). ‘

[00506] In Aome embodiments, the valves 272, 273, 274, 275, and 277 are used so
that the AVS vglumes 278 and 279 are operated such-that one of the AVS volumes is filled
with a liquid while the other AVS volume is discharges the liquid thereby providing a piece-
wise contingbus flow measurements using the AVS volumes 278 and 270. Additionally or
alternatively, the valves 272, 273, 274, 275, and 277 may also be used to do a “flow to zero”
test 1o db a "flow zero" correction (e .g. correct for volume drift of the AVS volgme

measurgments).
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[00507] In one specific embodiment. the ﬂow\ra\te meter 276: may measure
continuous flow over a range of 0.1 to 300 ml/hr (in some embodiments up to 2000 mi/hr);
has an accuracy of measurement of +/- 0.02 ml/hr from 0.1fto 2.5 ml/hr, or 5% otherwise;
measures fast enough to be insensitive to flow disturbancgs of a 10% change in flow in 1
second; measures with head height pressure changesfof +/- 2PSI; does not add f{low
resistance exceeding 1 PST across a flow range of 0.1 t¢f 2000 ml/hr; has a size of less than 1
inch, by 3 inches, by ! inch for the disposable; may/be battery or wired powered and may
run at a rate of 100 ml/hr for 8 hours on battery povfer; and may include a user interface that
communicates with all of the valves, sensors, andf£omponents wirelessly. |

[00508] Fig. 76 shows a membrane pumy 280 having a negative pressure source 281
“in accordance with an embodiment of the pyesent disclosure. The membrane pump 280
includes valves 282 and 283 that can alternfte between applying a negative pressure to the
variable volume 290 and apply atmosphfric pressure to the variable volume 290. The
valves 282 and 283 are fluidly connectefl to the AVS reference volume 402 via a port 403
that is of a sufficiently small size that does not introduce acoustic artifacts, e.g., .020 inches
in some specific embodiments. A pfrocessor, e.g., processoi‘ 37 of Fig. 3, may control the’
valves 282 and/or 283 to achievefa target pressure within the reference volume 402 as '
measured by a pressure sensor 404, ‘The processor, ¢.g., processor 37 of Fig. 37 of Fig. 3,
may be in operative communigation with the valves 282 and 283, and with the pressure
sensor 404. '
[00509] The valve 2§2 may be closed and the valve 283 may be opened thereby
putting the variable volurje 290 in fluid communication with the negative pressure source
281. Thereafter, the valye 283 may be closed and the valves 282 opened to put the variable
volume 2190 in fluid/ communication with atmospheric air. This may be continually
repeated to repeatedfy oscillate the pressure within the variable volume 290. In some
specific embodimenfts AVS measurements are made when the variable volume 402 is placed
in a static pressufe state (e.g., set 1o ambient pressure, the static negative pressure, or by
closing the valvfs 282 and 283), and the AVS fluid volume 293 is placed in a static pressurce
state (e.., thefpiston valves 291 and 292 are closed).
[00510] As previously mentioned, a negative source 281 may be applied to the
variable vflume 290 by opening the valve 283 and closing the valve 282, When the

ative

5

195

ne ressure is applied (o the variable volume 290, the piston valve 291 may be opened

and thypiston valve 292 closed to draw fluid into the AVS fluid volume 293. Thereafter,
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the valve 283 and the piston valve 291 are closed so ﬁl\a_t\an AVS measurement may be
taken by the AVS assembly 249 (the AVS assembly 294 inclides a lower AVS clam-shell
assembly 296). Optionally, the piston valves 291 and 292 1 éy be closed prior o or during
the AVS measurement. Thereafter, the valve 282 and thf piston valve 292 are opened 10
allow fluid to flow into the fluid channel 295 from the AVS chamber 293. Next, the piston
valve 292 and the valve 282 are closed, and another AVS measuremeht is taken from the
AVS chamber 293. The difference in these AVS mfeasurements may be correlated to the
amount of fluid pumped for each respective pumpigg cycle. That is, each pulse of liquid to
the patient may be estimated by subtracting ogf AVS measurement from another A\/S
measurement. In some specific embodiments tjfe AVS measurements are each taken at the
same pressures of the AVS volume 290 (e.g/ at atmospheric pressure or a static negative
pressure, as may':"be determined by the prefsure sensor 404) to account for the effects of
positive and negative pressures on air-bubble volume thereby mitigating the effect that an
air bubble has on the fluid volume flow pficasurements. |

[00511] Fig. 77 shows a memb; he pump 300 having a negalive-pressure source 296
and a positive-pressure source 297 coupled to valves 298 and 299, respectively, in
accordance with an embodiment of the present disclosure. The negative-pressure source
296 may be in fluid communicatjbn with the variable volume 301 when drawing fluid into

the AVS chamber 302. Li

=

fwise, the positive-pressure source 297 may be in fluid
communication with the varjable volume 301 when discharging fluid out of the AVS
chamber 302. The variable yolume may be coupled to atmospheric pressure 303 via a valve
304 when an AVS measurgment is taken.

[00512] Note thatfo disk spring is used in the embodiment shown in Fig. 77. The
AVS fluid volume 309/is formed by a flaccid material that generates little or no pressure
within the variable vgflume 301. In some embodiments of the present disclosure, the pump
300 takes AVS megkurements all at the same pressure to account for the pressure effects on
bubble size; for efample: the AVS volume measurement may be taken as follows: (1) close
the piston valve/405, open the piston valve 406, open the valve 298, close the valve 299,
and close the falve 304 thereby causing fluid to be drawn into the AVS chamber 302 with
the negativepressure from the negative-pressure source 296; (2) close the piston valve 406
and close fhe valve 298; (3) open the valve 304 thereby causing the pressure of the variable
volume J01 to reach atmospheric pressure 303; (4) close the valve 304; (5) take an AVS

measurdment; (6), open the valve 299 and open the piston valve 405 thereby discharging the
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fluid out of the AVS volume 302; (7) close the piston vaﬁe\él()S and close the valve 299; (8)
: N :

open the valve 304 to equalize the variable volume pressurefto atmosphere 303; (9) close
the valve 304; (10) take an AVS measurement; (11) aptd compare the AVS volumes
measurements to determine the volume discharged, e.f., to estimate flow rate.  The
previous example may be modified to take one or mgfe AVS measurements in positive
pressure, negative pressure, atmospheric pressure, or infsome combinatibn thereof.

[00513] In yet an additional embodiment, the ositive pressure source 297 is used to
take AVS measurements when the variable volumg 301 is under a positive pressure. For
example, in some embodiments of the presenf disclosure, the pump 300 takes AVS
measurements all at a positive pressure to accgint for the pressure elfects on bubble size;
for example: the AVS volume measurement fhay be taken as follows: (1) close-the piston
valve 405, open the piston valve 4006, open ihe valve 298, close the valve 299, and close the
valve 304 thereby causing fluid to be dray¥n into the AVS chamber 302 with the negative
pressure from the negative-pressure sourfe 296; (2) close the piston valve 406 and close the
valve 298; (3) open the valve 299 therfby causing the pressure of the variable volume 301
to reach a predetermined positive prefsure as indicated by the pressure sensor 407; (4) close
the valve 299; (5) take an AVS mgasurement; (6) open the valve 304 and open the piston '
valve 405 thereby discharging thf fluid out of the AVS volume 302; (7) close the piston
valve 405 and close the valve 304; (8) open the valve 299 thereby causing the pressure of
the variable volume 301 to rfach a predetermined positive pressure as indicated by the
pressure sensor 407; (9) clgse the valve 299: (10) take an AVS measurement; (‘11) and
compare the AVS volumgs measurements to determine the volume discharged, e.g., to
estimate flow rate. Thegf previous example may be modified to take one or more AVS
measurements in posifive pressure, negative pressure, atmospheric pressure, or some
combination thereof.

[00514]  The pump 300 may also, in" some emhodiments, determine if there is
compliance in thf system, such as compliance caused by air, by taking AVS volume
measurements af two different pressures.  For example, two AVS measurements may be
taken during tfie fill phase at two different pressures (e.g.. negative pressure and ambient
pressure, or fome other combination) and/or during the discharge phase at two difference

pressures (£.2., negative pressure and ambient pressure, or some other combination). The
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AVS volume 302 variation is dctermined Lo exists, a ﬁ]nges or may determine an error
condition exists and issue an alarm or alert. In yet anothef embodiment, the flow rate
measurement may be corrected for the air volume measyrement taken; For example, a
processor may determine the volume of air that was delfvered to the patient instead of a
drug, such as insulin, and compensate the delivery O[ the insulin to ensure that the
prescribed does of insulin is delivered. For examplf, consider the following additional
[00515] In some embodiments of the pigsent disclosure, compliance may be
estimated in the pump 300 by taking at'lcast twofAVS measurements at different pressurés
to account for air bubbles; for example: the A¥S volume measurements may be taken as
follows: (1) close the piston valve 405, open the piston valve 406, open the valve 298, close
the valve 299, and close the valve 304 thgeby causing fluid to be drawn into the AVS
chamber 302 with the negative pressure frgm the negative-pressure source 296; (2) close the
piston valve 406 and close the valve 298/ (3) take an AVS measurement while the reference
volume 301 remains under negative pfessure; (3) open the valve 304 thereby causing the
pressure of the variable volume 301 fo reach atmospheric pfessure 303; (4) close the valve
304; (5) take an AVS measurementfwhile the reference volume 301 remains at atmospheric
pressure; (6) compare the two AVA measurements from (3) and (5) to determine compliance
of the AVS volume 302; (7) open the valve 299 and open the piston valve 405 thereby
discharging the fluid out of thf AVS volume 302; (8) close the piston valve 405 and close
the valve 299; (9) take an AFS measurement while the variable volume 301 remains under

positive pressure; (10) opgn the valve 304 to equalize the variable volume pressure to

7

atmosphere 303; (11) ¢ ()sellhe valve 304; (12) take an AVS measurement while the

variable volume 302 ymains under atmospheric pressure; (13) compare the two AVS
measurements from (§) and (12) to determine compliance of the AVS volume 302; (14) and
compare at least twgf AVS volume measurements to determine the volume discharged, e.g.,
to estimate flow rfte. The above example may be modified in various ways such that the
two AVS meas cments having two different pressures and nﬂay occur during the filling
stage, the dischrging stage. any other stage of the pumping, using one or more of a positive
pressure mefisurement, a negalive pressure measurement, an atmospheric pressure
measuremefit, or some combination thereof.

[00516]

pumping action may occur as follows: (1) close the piston valve 405, open the piston valve

Consider yet another embodiment: the AVS volume measurement and
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406, open the valve 298, close the valve 299, and close\the\val
: ~N

to be drawn into the AVS chamber 302 with the negativef pressure from the negative-

¢ 304 thereby causing {luid

pressure source 296; (2) close the piston valve 406 and clos¢fthe valve 299; (3) take an AVS
measurement when the variable volume 301 remains at £ negative pressure; (4) open the
valve 299 thereby causing the pressure of the variable vgflume 301 to reach a predetermined
positive pressure as indicated by the pressure sensor 407; (5) close the valve 299; (6) take
an AVS measurement when the variable volume 30 is at a positive pressure; (7) compare
the two AVS measurement from (3) and (6) to defermine compliance of the AVS volume
302; (8) open the valve 304 and open the piston Yalve 405 thereby discharging the fluid ou't
of the AVS volume 302; (9) close the piston vajve 405 and close the valve 304; (10) take an
AVS measurement while the variable volume/301 is at an atmospheric pressure (in another
embodiment, the“AIVS volume measuremeny is taken at a negative pressure); (11) open the
valve 299 thereby causing the pressure of fhe variable volume 301 to reach a predetermined
positive pressure as indicated by the pregSure sensor 407; (12) close the vélv.e 299; (13) take
an AVS measurement; (14) and comppre at two AVS volume measurements o determine
the volume discharged and/or the copnpliance of the variable volume, e.g., to estimate flow’
rate. The above example may We modified in various ways such that the two AVS '
measurcments having two diffefent pressures may occur during the filling stage, the
discharging stage, any other stage of the pumping, using one or more of a positive pressure
measurement, a negative pre Lure measurement, an atmospheric pressure measurement, or
some combination thereof.
[00517] In one specg

of 0.1 to 2000 ml/hr; ca

Tic embodiment, the membrane pump 300: has a flow rate target
generate at least a maximum of 3 PSI and up to 10PSI; can draw
fluid from a reéervoir I a maximum of negative pressure of at least -2PSI; may be battery
powered; may be pgwered by a cable; and may have a user interface that wirelessly
communicates with/a processor coupled to all actuators, valves, pressure sensors, and other
devices.

[00518] y

with an embofliment of the present disclosure. The flow rate meter 305 includes an IR

o. 78 shows an optical-sensor based flow rate meter 305 in accordance

source 306 tfat reflects light off a flexible membrane 307. The reflected IR light is received
by a sensof 308. The sensor formed by the IR source 306 and the IR sensor 308 may be a
sensor with the part number: GP2S60 manufactured by Sharp Corporation. The light

reflectefl off of the membrane 307 may be correlated to a volume 309. With an upstream or
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downstream pump (not shown) used in conjunction V\ﬁ\ﬂ’\lp}ll apfd outlet valves (not shown)
the flow rate me be calculated by meésuring the light as it 1\c ects off the membrane 307.
Since a change in fluid pressure in the line results in a i'splacement of the elastomer-
membrane 309, the distance between the sensor 308 varief as a function of the pressure in
the {luid line; therefore the output of the sensor is propyfitional to the pressure in the fluid
line and may be correlated with pressure and/or volum
[00519] The flow rate meter 305 may be used Jfy a membrane pump disclosed herein
to facilitate positive and/or negative pressure measpirements. The pressure sensitivity may
be tuned by selecting the elastomeric -properticy/ of the membrane and the arca of fluid
contact with the membrane forming the AVS yolume 309. The reflective property of the
elastomeric membrahe may be enhanced with metal, plastic, film, or other .reflective
material. A temperature sensor may be agded to dccount for the thermal effects of the
material that forms the AVS volume 309. /A heat sink and/or thermal controller around the
elastomer AVS chamber 309 may be yked to mitigate thermal effects, in some specific
embodiments.
[00520] The IR sburce 306 mfay be pulsed and/or multiplexing may be used with-
multiple TR sources 306 and mul "ple sensors 307 to inhibit cross-talk error. An initial -
reading may be used as an offsef null, and the change in sensor output may be correlated
with changes in pressure in the/AVS volume 308. Focusing optics may be used with the
disposable portion, e.g., the jhembranes, to facilitate the ranging and aligning of the IR
source 306 and the IR sengor 308. In alternative embodiments, an ultrasonic proximity
sensor is used instead of the IR source 306 and the IR sensor 308. |
[00521] In one spgcific embodiment, the flow rate meter 305 may: have a sensitivity
to line pressuré OVer ¢ rangé of -2 1o +10 PSI; may measure a line pressure to within +/-
20% over a range of 1 to 10 PSI;, have a resolution of at least 10 bits; and may be low
power.

[00522] Fig. 79 shows a pressure-controlled membrane pump 322 in accordance with
an embodiment/of the present disclosure. Iigs. 80-82 show a legend for reference herein;
that is; refer tf Fig. 80-82 for the legend of symbols for Figs. 83. 85, 87, 88,90, 91, 93, 95,
and 97. Referring again to Fig. 79, the membrane pump 322 includes an AVS assembly
323 having a reference volume 324 and a variable volume 325. The reference volume 324
includes/a speaker 326 for generating an acoustic signal in the reference chamber 324 which

travelsfthrough a port 357 to the variable volume 325. The acoustic signal is received by a
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reference microphone 327 and a variable-volume micrsph{ne 28. The signals from the
microphones 327 and 328 are Compai‘ed to determine an acopistic response 10 measure the
volume of the AVS chamber 335. An optional optical se '61* 329 may be used to reflect
light off of a membrane forming the AVS chamber 335./ The optical sensor 329 may be
used to facilitate the estimation of the volume of te AVS chamber 335. In some
embodiments multiple optical sensors 329 may be used
[00523] The pump 353 may be a diaphragny pump, such as one having the part
number: T3CP-111E-06-1SNB, manufactured by Parker Hannifin Corporation located at
6035 Parkland Boulevard, Cleveland, Ohio 44124-4141; additionally or alternatively, other
pump types and/or purnps manufactured by any Hther manufacturer may be utilized.
[00524] A variable voltage applied to tfe pump 353 (see Fig. 79) may be adjusted in
real time o reach a desired pressure as meaghred by the pressure sensor 340. The pump 353
can have a flow rate of several liters per mfinute. The variable volume 325 may have an air
volume of 0.5¢cc, and may be pressure lijhited to between 1-10 PSL. In sdme embodiments,
the pump 353 has a (ill and empty cyclg time of 1 Hz and a fluid chamber of 0.5cc resulting
in 2 max flow rate of 1800 cc/hr, for gxample. In additional embodiments, variable pressure”
may be controlled in bursts that I sl in the tens of milliseconds and six aliquots may be
delivered over "an hour interval to achieve a flow rate of 0.1 cc/hr.  In additional
embodiments, an alternative pyleumatic flow path (not shown) having a pneumatic flow
restriction may be used to lo Jer the working pressure on the variable volume 324 thereby
facilitating low and high volimetric flow ranges.
[00525] A fluid resefvoir 331 is coupled through a fluid path to a one-way valve 332.
~The valve 332 may be g pinch valve. An optical sensor 333 measures when the valve is
closed, e.g., anAoplical peam may be broken when the pinch valve 332 is open or the optical
beam is broken whenfthe pinch valve 332 is closed.
[00526] The fluid travels into-the AVS volume 335 through a fluid line 334. The
fluid may be discharged through a fluid path to a one-way valve 336 that is also measured
using an opticalensor 337. Finally, the [luid enters into a patient 338.
[00527] The reference chamber 324 and the variable volume chamber 325 are in
fluid commuyhication with a line 339. A pressure sensor 340 measures the pressure of the
line and hfnce the chambers 324 and 325. Additionally or alternatively, the pump 322

includes A temperature sensor 330). The pressure from the pressure sensor 340 and/or the
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temperature [rom the temperature sensor 330 may be uEed\ forfio increase the accuracy of
AVS measurements.

[00528] The valve 341 connects the tube 339 to the ar ient pressure 342. A pressure
sensor 343 measures ambient pressure. The valve 341 is afso coupled to a valve 344 which,
in turn, is connected 10 a negative pressure source 347 gnd a positive pressure source 345.
The positive pi’essure source 345 is coupled to a pr¢ssure sensor 346, and the negative
pressure source 347 is coupled to another presgire sensor 348. In some specific
embodiments, the positive pressure source 345 anfl negative pressure source 347 may be
accumulators where predetermined pressures arefset therein and vented into the reference
volume 324 (via the valves 344, 341, 350, and 349) to develop specific pressures.

[00529] A variable flow/pressure pump/353 is coupled to both of the valves 349 and
350 to keep the ‘positive pressure reservoif 345 at a positive pressure and the negative
pressure reservoir 347 at a sufficiently lgfver pressure. The valves 350 and 349 are also
coupled 10 atmospheric vents 354 and 341, respectively. The variable flow/pressure pump
353 is fed a signal at 356, which ma / be fed back to an output pin for verification by a
processor, e.g., processor 37 of Fig Also, a switch 355 may enable and/or disable the
pump 353. ‘
[00530] In some embodimgnts, the one or more optical sensors 329 may be used as
part of an inner portion of a cghtrol loop that has a target aliquot volume to deliver. For
example, the onc or more optjfal sensors 320 may provide a controller within the processor
37 of Fig. 2 (c.g., a PID conjfoller) with an estimate of fill or discharge volume based on the
deflection of the AVS chgimber’s 335 membrane as measured by the one or more optical
sensors 329. The feedbagk from the one or more optical sensors 329 may be used to control
the pressure flow or he timing of the pneumatics in the AVS pump chamber, e.g., the
valves 231, 344, 349 fand 350.

[00531] Muliple optical sensors 329 may be used to triangulate the AVS chamber’s
335 membrane ppsition; additionally or alternatively, the membrane may have reflective
featurcs disposgll surlace of the membranc of the AV.S chamber 335 to provide a reflective
surface for thy optical sensors 329. In some specific embodiments, an outer portion of the
control loopfcan target the trajectory delivery volume delivered to the patient to tune the
individual Aliquot volume. For example, the optical volume sensing functionality performed
by the offe or more optical sensors 329 may provide an ivndepcndcm volume measurement

that is ¥sed as a check on the AV S-based volume measurements and/or to calculate errors in
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volume estimation. In additional embodiments, only Gp‘lica] volume measurements are
performed, i.e., in this specific exemplary embodiment, no AV is used).
[00532] g, 83 shows a flow-controlled membrane pfimp 358 in accordance with an
embodiment of the present disclosure. The flow-controllel membrane pump 358 is similar
1o the pressure controlled pump 322 of Fig. 79; howeyer, the flow-controlled membrane
pump 358 does not have the reservoirs 345 and 347 as

[00533] Fig. 84 shows a state diagram 359

own in Fig. 79.
" the operation of the flow-controlled
membrane pump 358 of Iig. 83 in accordanc

fates 360-368. The states 360-368 are

with an embodiment of the present
disclosure. The state diagram 359 includes .
illustrated by Figs. 85-98.
[00534] Referring now to Figs. 84, 85./and 86, an idle state 360 is depicted in Figs.
84 and 86 with Flg 86 showing more detafls. The idle state 360 includes substates 370-
371. In substate 370, several variables arefset. After a predetermined amount of time after
substate 370 sets the variables, the substate 371 measures several values which are checked
against predetermined ranges. v v
[00535] Fig. 85 shows the fflow-controlled membrane pump 358 of Fig. 79
illustrating the operation of the valy es when in the idle state 360 of the state diagram of Fig.
84 in accordance with an embodfment of the present disclosure. In the idle state 360, the
valve 341 couples the referencg/volume 324 to the atmospheric pressure source 342. Note
that, as shown in Fig. 85 whfch illustrates the idle state 360, the membrane forming the
AVS volume 335 is deflate v

[00536] As shown jn Fig. 86, the substate 370 sets the variables PCadj, PCenbl,

PCenb2, PCv1, PCv2, PLv3, HCv1, and HCv2; e.g., via applying an input voltage into an

W

appropriate inpﬁt (see fFig. 83). Referring to Figs. 85 and 86, the variable PCadj sets the
pump 353, the variajfle PCenbl enables the input to the pump 353, the variable PCenb2
enahles the switch/ 355, the variable PCvl controls the valve 350, the variable PCv2
controls the valvef349, the variable PCv3 controls the valve 341, the variable [1Cv1 controls
the valve 332, ajid the variable HCv2 controls the valve 336.

[00537]

substate 37,

'Also as shown in Fig. 86, after the parameters are sct in substate 370, the
takes several measurements. In substate 371, the PSavs, PSatm,
PCmon,OlfT'var, OPThvl, OPThc2, and Tavs values are taken and compared 1o

predeterplined ranges. 1f any of the measured values are outside a predetermined range,
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e.g., as shown in the expected column 373 in Fig. 86, a}enror ondition 372 is determined
. N .

to exist; in response to the error condition 372, an alert or alargh may be issued.
[00538] The PSavs is a value determined from the pfessure sensor 340, PSatm is a
value determined from the pressure sensor 343, PCmon/fis a value determined from the
sensor 369 to determine if the pump is receiving the corfect voltage from the input voltage
356, OPTvar is a measurement from the optical sens¢gr 329, OPThvl1 is the measurement
from the optical sensor ’533 to determine if the valvef332 is closed or open, OPThe2 is the
measurement from the optical sensor 337 to deterghine if the valve 336 is open or closed,
and Tavs is the measurement of the temperature fom the temperature sensor 330. |
[00539] Referring again to Fig. 84, aftef the idle state 360, the state diagram 359
continues to the positive valve leak test statyf 361. Figs. 87-88 show the flow-controlled
membranevpumi) 358 of Fig. 83 in use durifig the positive pressure valve leak test state of
Fig. 84 in accordance with an embodimeyft of the present disclosure. Note that there is a
change in the valve 349 to allow the pymping of pressure into the reference volume 324
from as shown in Fig. 87. Fig. 88 sh fws where the valve 349 is switched again and the
reference volume 324 is isolated fronf the fluid sources. V
[00540] Fig. 89 shows a moj

state 361 of Fig. 84 in accordang

& detailed view of the positive pressure valve leak test
with an embodiment of the present disclosure. Fig. 89
may also represent state 364 of Fig. 84. The positive pressure valve leak test state 361
includes substates 374-380.
[00541] Substate 374 Aurns on the pump 353 and sets the yalves 350, 249, and 341
such that positive pressurefis applied to the reference volume 324. The valves 222 and 337
remain cloéed. In substafe 37_4, measurements are taken. If the measured values are outside
predetermined ‘accepta le ranges, a substate 379 determines an error condition occurs. If
the average pressure farget Pmax is not reached, state 361 continues to the substate 378 to
wait for a predeter hined amount of time. This process is depicted in Fig. 87. Substates
374, 375, and 378 may repeat until a predetermined number of substat 378 occurs or a
predetermined gfnount of time is reached at which time an error 379 is substate determines
an error condifion exists.

[00542] State 361 may optionally wait a predetermined amount of time when
transitionigfe from substate 375 to 376. In substate 376, the pump 353 is turned off and the
valves 350 and 349 disconnect the variable volume 324 from the pump 353 (as depicted in

Fig. 88). State 361 may optionally wait a predetermined amount of time when transitioning
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from substate 376 to 377. In substate 377, various measuxen\len 5 are taken, such as an AVS

measurement using, for example, the AVS system having the speaker 326, and the
microphones 327 and 328 which measure the volume of thefvariable volume 325 (using an
acoustic response) 1o determine if the AVS volume 335 As changing thereby indicating a
leak condition. Additionally or alternatively, the opfical sensor 330 may detect if a
predetermined movement of the membrane 335 occylrs to del‘ennine‘if a leak condition

exists. I these measurements are outside of a pfedetermined range and/or beyond a

- predetermined threshold, then an error condition is determined to exist in substate 280.

[00543] Referring again to Fig. 84, after thf positive leak valve test state 361 occul‘é,
a negative leak valve test state 362 occurs. Refyf to Figs. 90, 91, and 92 for a description of
the positive leak valve test state 362. Figs/ 90-91 show the flow-controlled membrane
pump 358 of Fig)"83 in use during the negatfve pressure valve leak test state of Fig. 84, and
Fig. 92 shows a more detailed view. of the fiegative pressure valve leak test state 362 of Fig.
84 in accordance with an embodiment off the present disclosure. As shown in Fig. 92, state
362 includes substates 381-387. Fig. 92 may also be used to illustrate state 365 of Fig. 84.
[00544] Substate 381 turns onfthe puimp 353 and sets the valves 350, 249, and 341
such that negative pressure is appligd to the reference volume 324. The valves 222 and 337 '
remain closed. In substate 382, mtasurements are taken. If the measured valucs are outside
predetermined acceptable rangef, a substate 382 determines an error condition occurs and
continues to state 385. 1f tfe average pressure Target Pmin is not reached. state 382
continues to the substate 38p to wait for a predetermined amount of time. This process is
depicted in Fig. 90. Substhtes 381, 382, and 386 may repeat until a predetermined number
of substates 378 occurs g a predetermined amount of time is reached at which time substate
385 determincs. an erroy condition exists.

[00545] State B62 may optionally wait a predetermined amount of time when
transitioning from g

valves 350 and 3

bstate 382 to 383. In substate 383, the pump 353 is turned off and the
49 disconnect the variable volume 324 from the pump 353 (as depicted in
Fig. 91). Statc #62 may optionally wait a predetermined amount of time when transitioning
from substate £83 to 384. In substate 383, various measurements are taken. I'or example,
the AVS sygflem using the speaker 326, and the microphones 327 and 328 to measure the
volume of/the variable volume 325 (using an acoustic response) to determine if the AVS
volume 35 is 'changing thereby indicating a leak condition. Additionally or alternatively,

the opyfcal sensor 330 may detect if a predetermined movement of the membrane 335
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occurs to determine if a leak condition exists. If \tﬁe‘\ge\mea urements are outside of a
predetermined range and/or beyond av predetermined thresho}(l, then an error condition is
determined to exist in substate 387. '
[00546] Fig. 93 shows the flow-controlled membrghe pump 358 of Fig. 83 in use
during the fill state 363 of Fig. 84 in accordance -wih an embodiment ol the present
disclosure. Fig. 94 shows a more detailed view of the Il state 363 of Fig. 84 in accordance
with an embodiment of the present disclosure.
[00547] State 363 includes substates 388-39). Substate 288 sets the valves 350 and
351, and the pump 353 to apply a negative pressyfe to the variable volume 324, ‘The valve
332 is also opened and the AVS volume 335 fiffs with a fluid from the fluid reservoir 331.
State 389 takes several measurements, includfng an optical measurement from the optical
sensor 330, to determine if the membrane fefining the AVS volume 335 is filling. If it
hasn’t filled, substate 391 waits a predeterghined amount of time. Thereafter, substates 288,
289, and 391 may be repeated for at leagt a predetermined number of cycles and/or until a
predetermined amount of time has pas £d, after which substate 390 determines that an error
condition exists, e.g., because the feservoir 331 is empty and/or a valve is stuck, for
example, valve 332 may be stugk closed, etc. Additionally or alternatively, if the
measurement taken during the s . state 389 is outside of a predetermined range and/or is
béyond a predetermined threshofd, the substate 390 may determine an crror condition exists.
[00548] Referring agaiyf to Fig. 84, after state 363 is performed, another positive
valve leak test is performgd during state 364 and another negative valve leak test is
performed in state 365.
[00549] State 366/akes an AVS measurement to determine the volume of the AVS
chamber 355 (.see Fig/95). | Referring now to Figs. 95 and 96: Fig. 95 shows the flow-
controlled membrane/pump 358 of Fig. 83 in use during an AVS measurement state 366,
and Fig. 96 shows gfmore detailed view of the AVS measurement state 366 of Fig. 84.

[00550] S

329 to emit ong/or more acoustic frequencies, and substate 393 takes measurements from

—_

e 366 includes substates 392 and 395. Substate 392 causes the speaker

the microphonfs 327 and 328 to determine an acoustic response. The acoustic response 1s
correlated with a volume of the AVS chamber 335 and is thus also correlated with the fluid
in the AVY chamber 335. The acoustic response and other measurements are taken during
substate A93. Substates 392 and 393 may optionally repeated, e.g., shown as the substate

one or more measurements from the substate 392 are outside of a predetermined
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range and/or is beyond a predetermined threshold, the ﬁb\slal-‘

394 may determine that an
error state exists.
[00551] Referring again to Fig. 84, after the AVS pleasurements are taken in state

5. Fig. 97 shows the flow-

&8
W

366, the emptying state 367 empties the AVS volume
controlled membrane pump 358 of Fig. 83 in use during/ the emptying state 367 of Fig. 84,
and Fig. 98 shows a more detailed view of the emptying state of Fig. 84.

[00552] As shown in Fig. 98, the emptying ftate 367 includes substates 396-399.
Substate 396 sets the valves 350 and 349, and the pump 353 to apply a positive pressure to
the reference volume 324. Substate 396 also opeyf the valve 336 to allow fluid to flow to thé
patient 338. During substate 387, several pheasurements are ftaken, and substate 397
_continues to substate 399 to wait a predetermfned amount of time. The substates 396, 397,
and 399 repeat until the optical sensor 32§ determines that thé AVS volume is below a
predetermined amount. If the measuremfnts taken during substate 397 are outside of a
predetermined range and/or a measurenfent exceeds a predetermined threshold (i.e., above
or below the threshold) the substate 39§ determines an error condition exists. If the substate
399 repeats a predetermined number pf times and/or operateS for a predetermined amount of
time, the substate 398 may determifie that an error condition exists, e.g., a stuck valve such
as valve 336 and/or a downstrefm occlusion may be preventing the AVS volume from
discharging the liquid to the patfent 338, for example.

[00553] Referring aga to Fig. 84, after state 367, state 368 takes an AVS
measurement. The AVS mgasurement 368 may be compared to the AVS measurement 366
to determine an amount of fluid delivered to a patient 338. For example; in the emptying
state 367, some of the Aluid may remain in the AVS volume 335. By comparing the
difference betWeen the/AVS measurements, the amount of fluid discharged down the line to
the patient 338 may b estimated.
[00554] Fig. 9 shows a membrane pump 411 having an elastic membrane 412 that is
flush with a disppsable portion 413 and applies force to a liquid in accordance with an
embodiment of fhe present disclosure. ‘That is, the action of the membrane 412 provides an
actuation to gove fluid through the membrane pump 411. The membrane pump 411
includes an /AVS assembly 417 that couples to a disposable portion 418. The AVS
assembly 417 may be snap-fitted. may screw onto, or may include latches to attach to the
disposabje porl'ion 418. The membrane pump 411 includes a pneumatic fill port 414. The

pneumgtic fill port 414 may be connected to any air pump as described herein.  In yet
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additional embodiments, the pneumatic fill port 414 m\ay\be onnected to a liquid pump,
e.g., a syringe pump, or other liquid pump. In some embod\i ents, alternative positive and
negative pressures are applied to the pneumatic fill port 41 ,. which is used in conjunction
with valves 415 and 416 to pump fluid. In some embbdiments, a negative pressure is
applied to the pneumatic fill port 414 and the elastic prgperty of the membrane 412 is used
to suck in liquid through the valve 416. In some gmbodiments, a positive pressure is
applied to the p'neumalicl fill port 414 and the elastic/property of the membrane 412 is used
to expel in liquid through the valve 415.

[00555] Figs. 100-101 show two embodighents of lung pumps in accordance with
embodiments of the present disclosure. Fig. J00 shows a lung pump 419, and Fig. 101
shows a lung pump 420. ,
[00556] The lung pump 419 of Fig. 100 includes a rigid body 421 having an AVS or
of a reservoir 425 that is flexible. FMS is

os. 4,808,161; 4,826,482; 4,976,162; 5,088,515;

FMS port 425 for measuring the volur
described in the United States Patents
5.193.990; and 5,350,357.  In somefembodiments, positive and/or negative pressure is
pumping action of the lung pump 419. The reservoir

the valves 422 and 423. The reservoir 424 may be

applied to the port 425 to facilitate t}
424 is in fluid communication wi ‘,
molded or bonded to the tube 434, or is vacuum formed from the tube 431, e.g., a blister.
The rigid body 421 may fully gtal around the tube 431 as it passes through the rigid body
and connects to the reservoir #24. By applying a positive or negative pressure via the port
425, the fluid may be drawyl into and out of the reservoir 424. This positive and negative
pressure may be supplied py a manifold which also contains a reference chamber allowing
for FMS measurements yia the port 425. Additionally or alternatively, the rigid body 421
may include hardware, fuch as, for example, a processor to control the valves 422 and 425,
an AVS assembly coypled to the port 425, etc. The liquid is drawn from the valve 422 and
leaves via the valvefi23. The valves 422 and 423 may be pinch valves. The valves 422 and
423 may be alternaitively closed and open, relative to each other and synchrdnized with any
positive and/or /ncgative pressure applied via the port 425. For cxample, a pumping
scqucn@ may bceur as Tollows: (1) close the valve 413 and open the valve 422; (2) apply a
ure 10 the port 425: (3) close the valve 422; (4) estimate the volume of fluid in

negative pregs

972
i

i

the reservofr 425 (e.g., using AVS or FMS); (5) repeat steps (1)-(4) until a predetermined
volume iy within the reservoir; (6) open the valve 425; (7) apply a positive pressure to the

valve 425; (8) close the valve 423: (9) estimate the volume of fluid in the reservoir; (10)
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compare the volumes measured during steps (9) and (4}1-(&(10 rmine an amount of liquid
discharged; (11) and repeat (1)—(’10). until a predetermined/ amount of liquid has been
pumped. |
[00557] The Tung pump 420 of Fig. 101 includes a figid body 426 having an AVS or
FMS port 430 for measuring the volume of a reservgir 429 that is {lexible. In some
embodiments, positive and/or negative pressure is applfed to the port 430 for facilitating the
pumping action of the ]ﬁng pump 420. The reservgfr 429 is in fluid communication with
valves 427 and 428. The lung pump 42() may be gimilar to the lung pump 419 of Fig. 99;
however, the valve 427 is opened and the valye 428 is closed to pump fluid. into the
reservoir; and the valve 428 is opened and the yalve 427 is closed to pump fluid out of the
reservoir.

[00558] Fi'gs. 102-104 show several gaskets for sealing a lung pump in accordance
with additional embodiments of the present disclosure. Fig. 102 shows a tube 432 that may
be sealed by sections 433 and 434 of thg/rigid body of the lung pump (’e;g., rigid body 421
of Fig. 99 or rigid body 426 of Fig. 10)). In other embodiments, 422 and 424 may be part of
a housing, latching, or dooring mechanisms.  Fig. 103 shows a tube 425 that inclodes a
casket seal 426. The gasket seal 426 may push to the left and right causing a better seal ‘
where the two sides of the sealifig surfaces meet (i.e., 422 and/or 424). Fig. 104 shows
another way of sealing a tube 472 in including a gasket 427 that scals by being compressed
in between a valley structure 407 and a compressing plate 429.

[00559] Fig. 105 shpws another lung pump 430 in accordance with another
embodiment of the presefit disclosure. The lung pump 430 includes a rigid piece 431
bonded around a tube A32 that creates a face-sealing gasket that seals against a ring
structure 433 when a pfessure is applied to the rigid piece 431. The rigid piece 431 may be
a circular structure, e

[00560] Figs

2., a ring structure similar to a washer.

106-112 illustrate the operation of a piston pump while performing
various checks infaccordance with an embodiment of the present disclosure. The checks
described in copfjunction with the piston pump of Figs. 106-112 may also be used with a
peristaltic pupgp having a spring-biased plunger as described herein. Tig. 106 shows a
pump 434 igfluding a piston 435, a diaphragm 436, an inlet valve 437, an outlet valve 438,
and a pumy chamber 439. The piston 435 may be coupled to a linear actuator 54 (not shown

in Figs. 106-112) that is coupled to a processor 37 for control (see Fig. 3).



10

15

20

30

WO 2013/096909 CT/US2012/071490

~
™~

[00561] The opening of the valves 437 and 438 lﬁziy\be

the piston 435 to allow the integrity of the valves to be chfcked periodically during the

med with the movement of

pump operation. The piston 435 applies a pressure or vacuym to check the valves 437 and
438 to verify that one or both are not leaking before openfing the other valve. This process

may be used to safeguard against [ree-flow conditions; JI' one valve is not sealing properly

the other valve is not opened. The same configuratioyf can be used to check for air in the

pumping chamber, upstream occlusions, and downstrfam occlusions.

[00562] In some embodiments, the piston 435 and valves 437 and 438 may be driven
by a set of cams driven by a single motor. Addijfionally, in some embodiments, the pistoﬁ
435 is spring loaded such that the cam lifts thepiston 435 and the spring returns the piston
435 to the down position; this specific embodfment may have a relatively constant delivery
pressure. o

[00563] In some embodiments of the present disclosure, the position of the piston
435 and/or the position of the diaphragyt 436 may be determined usingva sensor. In some
embodiments, the position of the pifton 435 may be determined using an encoder, a
magpetic sensor, a potentiometer, o rotational sensors on a camshaft, etc. In additiébnal
embodiments, the position of the pjston 435 is measured directly by using an optical sensor, '
a LVDT (linear variable differengfal transformer)sensor, a hall-effect sensor, or other linear
sensor. The position of the difiphragm 436 may be sensed using an AVS assembly as
described elsewhere herein | .2., the AVS assembly 417 of Fig. 98 may be used to
determine the position of th¢ diaphragm 436). In some additional embodiments, no piston
is-used and the diaphragm /s moved using pneumatic pressure as described herein.

[00564] Figs. 107/112 illustrate various stages of the piston pump of Fig. 106. Fig.
107 il]ustrates@n air L£heck and inlet valve 437 leak check. The piston 435 applies a
downward force while the valves 437 and 438 are closed. If the piston 435 moves a
predetermined disthnce and/or heyond a predetermined speed, the processor 37 may
determine that efcessive air exists within the pump chamber 439. If the piston 435
compresses an Amount and slowly continues to move towards the bottom of the pump
chamber 439, fhe processor may determine that one of the valves 437 and/or 438 is leaking.
For example/ if a valve 437 and/or 438 is leaking, the volume with the pump chamber 439
will continfiously decrease. The movement (or speed) cause by excessive air in the pump
chamber/39 may be at a different speed than the movement caused by a leak; and, in some

/ embodiments, the processor 37 may distinguish between excessive air in the pump
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chamber 439 and/or a leak in one of the valves 437\and\43\8. ‘or example, the piston 435
may move downwards at a first speed and quickly approache\s very slow speed; if the slow
speed continues, then it may be determined that the contj ﬁed slow movement after the
abrupt negative acceleration is an indication of a leak in ong of the valves 437 and 438.
[00565] Fig. 108 shows a stage in which a downstfeam occlusion check is performed.
The outlet valve 438 is opened and the fluid in the pymp chamber 439 is delivered to the
patient. If the volume does not change, there may be A downstream occlusion. Additionally
or alternatively, if the piston 435 moves slower thafi a threshold and/or moves more slowly
than the previous fluid discharge by a predetermjfied amount, the processor 37 (sce Fig. 3v)
may determine that a downstream occlusion hag occurred. Additionally or alternatively, if
the piston 435 stops moving less than a predgtermined amount of movement (e:g., with a
predetermined force is applied to the piston #35) then the processor 37 may determine that a
downstream occlusion has occurred. |
[00566] Fig. 109 illustrates the stdges in which the outlet valve 438 is closed. Fig.
110 illustrates the stage in which the pfston 435 is pulled up. The outlet valve 438 remains
closed. The stretch of the diaphragnh 436 results in vacuum in the pump chamber 439. If
one of the valves 437 and 438 iff leaking, the fluid in the pumping chamber 439 will
increase. If the diaphragm 436 yhoves by a predetermined amount, the processor 37 may
determine that a valve is leaking/and issue an alert and/or alarm.

[00567] Fig. 111 illustfites a stage where the pump chamber 438 is filled, and an
upstream occlusion check fs performed. The inlet valve 437 is opened and the pump
chamber fills 438 with ligyid. If the pump chamber fails to fill by a predetermined amount,
then the processor may ¢btermine that an upstream occlusion exists or the IV bag is emply.
Additionally or altern tively, if the chamber fills. 438 too slowly, or slower than the
previous fili by a prefletermined amount, the processor 37 may determine that an upstream
occlusion exists. Tfe. 112 illustrates the stage in which the inlet valve 437 is closed. The

stages illustrated jh Tigs. 107-112 may be repeated until a predetermined amount of fluid is

membrane 440 may be one or more of a PVC elastomeric such as. Sarlink,

Pebax, Kraton, a Santoprene, cte. The preformed membrane 440 may be attached to the

91



WO 2013/096909 CT/US2012/071490

S
™

cassette body 445 using any method, including heat bonding, Igher welding, using a solvent
: N

or adhesive bonding, ultrasonic welding or attachment, RF wefding, or over molding. When
the preformed membrane 440 is compressed, as shown i 'Fig. 114, the membrane will
return to its original shape as shown in Fig. 113 after the piston 443 is withdrawn. Fig. 115
5 and 116 show two views of a cassette 444 having seferal membrane pumps 441. The
cassette 444 may be formed by a rigid body defining the cassette body with two elastic
layers disposed around the rigid body. The rigid bogly may form the reservoir such that the
elastic layer forms the preformed membrane as illugirated in I'igs. 113 and 114.
[00569] Fig. 117 shows an assembly 446 having a cassetic 447 that includes a
10 membrane pump 451 and volcano valves 449 apd 450 in accordance with an embodiment of
| the present disclosure. The membrane pufap 451 includes a pump plunger 452 that
interfaces with air membrane 451. As the unger 451 reciprocates, fluid is draw from the
fluid path 454 and out the fluid path 456,/ The volcano valve 449 is a one way valve that
allows fluid into the fluid volume 455 fom the volcano valve 449, but not in reverse. An
15 actuator may press again the membr: hie 456 in some embodiments to help the one-way
action of the volcano valve 449.
[00570] The volcano valve 460 is a one-way valve that allows fluid out of the fluid ‘
valve 455 through the fluid path455 and the volcano valve 450 (but not in reverse). An
actuator may press again the plembrane 457 in some cmbodiments to help the one-way
20 action of the volcano valve 45§.
[00571] The assembly/446 also includes an AVS assembly 448. The AVS assembly
' includes a reference volum€ 458 having a speaker 459 and a microphone 460. The variable
volume 461 includes a mfcrophone 462. The speaker 459 and the microphones 460 and 462
are coupled to a procesfor 37 to measure the volume. of the fluid volume 455 and coordinate
25  the operation of the pfanger 452 as described herein.
[00572] = The fplunger 452 may interface with one or more acoustic seals coupled to
the AVS assemb}y 448. The processor 37 may be in opcrative communication with a
position sensor fc.g., onc coupled to a lincar actuator of the plunger) to determine the
poSilioh of thg/plunger 452. The processor 37 may account for the amount of volume the
30 plunger 37 ¢fsplaces as it reciprocates in and out of the variable volume 461; this volume
correction fmay be done by directly measuring the plunger's (452) displacement or by

measurinf the a drive shaft angle coupled 1o a cam that moves the plunger 452.
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[00573] Fig. 118 shows a roller mechanism\ E@S\ of fa cassette-based pump in
accordance with an embodiment of the present disclosu;) The roller mechanism 463
includes rollers 464, 465, and 466. The rollers 464, 46, ,. and 466 move in a circular
direction and apply a downward pressure again a cassettyf 467 having a cassette body 468
and a membrane 469. The rollers 464, 465, and 466 mfay be on a rail and may be spaced
such that at least one roller engages the cassette 467./ The roller mechanism 463 may be
controlled by a stepper motor. The roller mechanisryf 463 may help pump liquid at a rat of,
for example, 0.1 ml/hr. .
[00574] The roller mechanism 463 may befised to estimate fluid flow based upon thé
speed of its movement, for example. The rollery'464, 465, and 466 may be disengaged from
the cassette 467 to facilitate non-occluded/ flow and/or to create a desired- free-flow
rcondilion. 7 o

[00575] - Fig. 119 shows the fluid pafhs 470 of a cassette-based pump for use with the
roller mechanism of Fig. 118 in accordgfice with an embodiment of the vpresent disclosure.
The {luid paths 470 include a roller intgraction area 471 having a path 472 and a bypass path
473. The fluid paths 470 may incluged a vacuum formed film bonded to a ridged back to
form raised flexible features. The gath 470 includes occluders 474 and 475. The occluders
474 and 475 may be independentlfy occluded. ‘The paths 472 and 473 may have the same or
different cross-sectional arcas./The roller mechanism 463 may interact with the roller
interaction area 472 to creatgf different flow rates based on the rate of movement of the
roller mechanism 463 and the total cross sectional area of all channels that are un-occluded
(e.g., which of the occludf features 474 and 475 are engaged. The occluder featureé 474
and 475 may be volcanofvalves with a plunger that may be applied on the membrane of the
volcano valve (o stop ﬂuidbfr()m flowing in any direction. In other embodiments, the
occluders 474 and 47

[00576]  The

may be a pinch valves coupled to an actuator, such as a solenoid.

uid paths 470 may include a fluid capacitor 476 to buffer the flow of
liquid (e.g., smogth the liquid). Additionally or alternatively, an AVS assembly may be
coupled to the tlAid capacitor 476 to measure [luid flowing therethrough.

[00577j

flat flexible film boded to a rideed back with the features molded into the rigid backing

n another embodiment, one or more of the fluid paths 472 or 473 include a

(cassette bfdy). In this embodiment, the roller 463 has a feature that recesses into the
channel 478 in order to pinch off the channel 478. This embodiment may also have

molded/in features that allows a ball-head piston to variably restrict the flow through the
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channel 478 (e.g., the occlude features 474 and 475).\‘Fh< ometry of the features that

go

recess into the channels and the piston head may be adjusted () allow different flow profiles
based on the linear engagement of the piston. In one emb diment, the disposable has one
channel 472 for the roller mechanism 463 and a second ¢ghannel 473 that acts as a bypass
from the roller area. The two channels 472 and 473 in gonjunction with the occluders 474
and 475 allow the cassette (which may be disposablg) to be used in a bypass mode or a
pump mode. In some embodiments, the roller mechagism 463 of Fig. 119 is always engaged
above the channel 478 but not over the bypass chanfiel 473. . |

[00578] In one embodiment, the roller mgchanism 463 may be used for high flov?
~rates and the bypass 474 may be used for lowf flow rates. For example, in some specific
embodiments, when the fluid paths 472 and 4//3 have a cross sectional area of 0.4 cmz, the
flow rates may be from 100 mi/hr to 1000/ml/hr by using a stepper motor to actuate the
linear travel of the rollers from 250 cm/hrfo 2500 cm/hr; the bypass 473 is used to achieve
flow rates under 100 cm/hour. o
[00579] Fig. 120 shows the fluic pathé 478 of a cassette-based pump for use with the
roller mechanism of Fig. 118 in acc ‘dance with an embodiment of the present disclosure.
The fluid paths 478 include two paths 479 and 480, and a bypass path 481 The roller
mechanism 470 of Fig. 118 interfces with the fluid paths 470 and 480. The fluid paths 478
arc also coupled to occluders 48Z, 483, and 484.
[00580] Fig. 121 show

accordance with an embodinfent of the present disclosure. The infiltration test illustrated by

5 the stages 310, 311, and 312 of an infiltration test in

Fig. 121 includes an occluger roller 313 that is pressed against a tube 314 (as shown in stage
311) which is then drawryback through a rolling motion (shown in stage 314). The occluder
roller 313 may be in thy pumps 19, 20, and/or 21 (see Fig. 1) or in the infusion site monitor
26 (Sce Fig. 2). The/monitoring client 6 can instruct the occluder roller 313 to perform an
infiltration test. T'of example, the monitoring client 6 may instract a stepper motor coupled
1o the roller occlyller 313 to pull liquid out of the patient 5 (See Fig. 1). The monitoring
client 6 may thgh receive an cstimate of the amount.of blood that enters into the infusion
sitc monitor 2§ (see Fig. 1) from the infiltration detector 32 (see Fig. 2). The infiltration
detector 32 dltermines if the proper amount of blood is pulled into the infusion site monitor
26 during fhe stages of the infiltration test, or alternatively, the monitoring client 6 may
receive rgfv data from the infiltration detector 32 to determine if the proper amount of blood

is pulled into the infusion site monitor 26 (See Figs. 1 and 2).
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[00581] As previously mentioned, the inﬁltratio}dele
N

camera-based infiltration detector 32 as described above in felation to the system 108 of

r 32 of Fig. 2 may be a

Fig. 33 when used to capture images illustrated by Figs 37 and 38. Figs. 37 and 38
illustrate the images taken by the camera 109 of the sysyfm 108 of Fig. 33 for estimating
blood that enters into the infusion site monitor 26 of Figl 2 during an infiltration test. That
is, the system 108 of Fig. 33 may be within the infiltgation detector 32 of the infusion site

monitor 26 (see Fig. 2) for detecting blood when the yoller occluder 313 of Fig. 121 actuates

o

to draw blood into the infusion site monitor 26 of [}

U_Q

[00582] During stage 312, a drawback volyme 315 thereby is pulled from a patient 5>.
A camera 109 of Fig.33 at an infusion site moplitor 26 (e.g., within the infiltration detector
32) may determine if blood is drawn back frofn the patient as shown in Figs. 37 and 38. If
no blood is pulled into the tube within the infusion site monitor 26 (see Fig. 2), it may be an

indication that an infiltration has occurred/ Additionally or alternatively, the camera 109 of

~ Fig. 33, in conjunction with a pressure sgnsor 33 and/or volume sensor 169, may be.used to

determine what amount of pressure caygses the blood to be pulled back into the tube 41.
[00583] In some embodimenty] the fluid is returned to the patient 5 by actuating the’

rolling occluder 313 in the oppositf direction, or by lifting the occluder 313 off of the tube '
314. In an additional embodimeyft, a compliant upstrcam reservoir may be included which
holds the drawback fluid (valvgs may direct the reverse fluid into the complaint upstream
reservoir). The upstream resejvoir may be coupled to an AVS chamber as described herein
or is a separate chamber. Th¢ AVS chamber may have the drawback fluid volume measured
by a processor coupled/ thereto and/or communicated to the monitoring client 6.
Additionally or alternatiyely. the pumps 19, 20, and 21 are stopped during an infiltration test
or may assist in draw Jack fluid, in conjunction with the rolling occluder 313 or in lieu of
the rolling occluder 3A3.
[00584] In agditional embodiments, a compliant chamber is used between the roller
occluder 313 and fhe patient 5. The displacement volume of the chamber membrane during
the drawback is/fmonitored using, for cxample, AVS or an optical sensor. The deflection of
the chamber plembrane is proportional to the pressure in the fluid line 314, the amount of
the deflectiop of the membrane is proportional to the effort to draw blood into the tubing. A
threshold gfnount of drawback pressure needed to draw blood out of the patient 5 is used to
determing if an infiltration exists. In addition, if a threshold amount of time is required to

drawbafk, this may be used as an indication that a downstream occlusion exists or an
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infiltration exists. Therefore, the chamber membrane c\oul\d bf monitored over time and
detect a rate in pressure change that is an indication of the dyawback effort (as determined
by the processor 37 of Iig. 2). |
[00585] Fig. 122 shows stages of an infiltration tesyf/316 and 318 in accordance with
‘an embodiment of the present disclosure. A piston 319 mfay be disposed anywhere along the
fluid line or in a pump 19, 20 or 21 of Fig. 2, or th¢/ piston 319 may be disposed in the
infusion site monitor 26 of Fig. 2. In stage 316, a yalve 318 remains open and the piston
319 is press against a membrane 320, but fluid cghtinues to flow to the patient. In stage
317, the valve 318 is closed, and the piston 319 igflifted up, after which the resiliency of thé
membrane 320 pulls back and draws fluid backfvards. The drawn back fluid returns to the
patient when the piston actuates back to the rfsting state as shown in stage 316. -A camera
109 of Fig. 33 ét"u‘a‘n infusion site monitor 2¢ in the infiltration detector 32 (see Fig. 2) may
determine if blood is drawn back from tffe patient 5 as described above. If no blood is
pulled into the tube within the infusion glte monitor 26 (see Fig. 2), it mﬁy be an indication
that an infiltration has occurred. .
[00586] In some embodimenty, the elastomer surface area and elastomer properties
are selected in combination with/the chamber volume such that there is a maximum
determined fluid pressure that isfapplied during the drawback, e.g., the propertics may be
chosen such that there is sufficient drawback pressure to draw back blood into the
monitoring area, however, th fe would be insufficient pressure to draw back the blood into
the monitoring when an inffltration has occurred. Additionally or alternatively, the blood
must be drawn back witlfin a predetermined amount of time; otherwise, an infiltration
condition may be determyned to exist. The amount of time allowed for the drawback can be
used with prcdétcrmin— i1 criteria to determine if an infiltration has occurred (i.e., allow the
drawback chamber 1 persist with drawback for a predetermined amount of time while
looking for the ipflication of hlood using the camera 109, and determining that an
infiltration has ocfurred if no blood is detected by the infiltration sensor 32 (see I'igs. 2 and
33), ¢.g.. a camgfa 109, before the predetermined amount of time has passed).

[00587]
embodiment/of the present disclosure. The cell-based reservoir 485 may be the reservoirs 2,

3,ordof

Gigs. 123 and 124 show a cell-based reservoir 485 in accordance with an

ie. 1. The cell-based reservoir 485 includes cell foam 486 capable of absorbing
liquid co structed of a compatible material to dampen the motion of an infusate. The cell

foam 4§6 may include a membrane 487. The reservoir base 488 may be constructed using a
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in a rigid, semi-rigid, or non-rigid fluid reservoir to\nc\:rca: infusate stability in the
presence of fluid shear. | h |

[00588] For example, when using a semi-rigid base 488, the cell foam 486 may-
include an open-cell silicone foam to fill the normally emp}y reservoir cavity. The cell foam
486 may help prevent sloshing of the reservoir contents (b help preserve the stability of the
infusate in some embodiments. By choosing a foam wfth a high degree of compressibility
relative to both the coﬂ.apsible membrane’s 487 sprifig rate and the pumping mechanism,
the residual volume of the cell foam 486 may be migimal in some embodiments.

[00589] Figs. 125 and 126 show a tube-bgbed reservoir 489 in accordance with an
embodiment of the present disclosure. The cell-Jased reservoir 489 may be the reservoirs 2,
3, or 4 of Fig. 1. The tube-based reservoir 489 includes a tubing reservoir 490 that can
house a liquid. The tube-based reservoir 489 may be vented through a filter 491. The filter
491 may be part of the vent of Figs. 51-56. For example, a pumping mechanism (e.g., a
pump as described herein but not showy in Figs. 125 and 126) may draw fluid from the
tubing reservoir 490 stored in a rigid yeservoir cavity 492 (the base 492 may be flexible,
rigid, semi-rigid, and/or part of a casgette in-some embodiments). The tubing reservoir 490
can help prevent sloshing of the/reservoir contents thereby helping preserve infusate
stability in some embodiments.

[00590] Fig. 127 shows syages 1-8 illustrating a method for operating a plunger pump
493 in conjunction with an ANVS assembly 494 in accordance with an embodiment of the
present disclosure. A fluid path 495 includes valves 496, 497, and 498.

[00591] Stage 1 shofws the valve 498 closed with valves 496 and 497 open. The
valve 497 may be closedf while the plunger 499 withdraws to check if the valves 498 and
497 are leaking. For e amplé, a constant force may be applied to the plunger 499 drawing
the plunger up (e.g., from a spring) and either valves 496 and/or 497 may be closed. 1f the
plunger 499 movef upwards beyond a predetermined amount or more quickly than
predetermined spgled, the processor 37 (see Iig. 2) may determine that a leak has occurred.
Additionally or Alternatively, the valve 496 may be closed, and the plunger 499 applics an
upwards forcefby a predetermined amount of time and then applies a downward force. The

AVS assemblly 494 may then perform an AVS sweep. If the fluid within the AVS assembly
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[00592] Stage 2 shows the fluid being drawn inbm}}e unger pump 493. Stage 3
~N

performs an AVS sweep. Between stages 3 and 4, a leak chegk may be performed, e. g'., the
valves 497 and 498 may remain closed while the plunger 49/ .applies a downwards force. If
there is movement beyond a predetermined amount, the ghe or both of the valves 497 and
498 may be determined to be leaking by the processor. I Stage 4, the volume of {luid from
the plunger pump 493 is transferred to the membranefof the AVS assembly 494. Stage 5
there is an AVS sweep 1o determine the fluid in thf AVS assembly 494. In stage 6, the
valve 497 is opened, and the volume of fluid is trghsferred from the AVS assembly 494 to
the plunger pump 493. Between stages 5 and p, the valve 497 may temporarily be Icft
closed to perform another valve leak check.
[00593] In stage 7, the valve 497 isfclosed. In stage 8, the fluid in the plunger
pump 493 is discharged. Between stages 7.¢hd 8, the valve 498 may initially remain closed
to determine if one or both of the valves 497 and 498 is leaking.

[00594] Fig. 128 shows several sjfages illustrating a method for operating a plunger
pump in conjunction with an AVS ass¢inbly in accordance with another embodiment of the
present disclosure. Between stages [ and 2, a leak test may be performed by keeping the
valve 500 temporarily closed whilefan upwards force is applied to the plunger 499. In stage '
2, fluid is drawn into the plungey pump 493. Also during stage 2 an AVS sweep may be
performed by the AVS assemlfly 494. In stage 3, the fluid is transferred to the AVS
assembly 494. Also during sty oe 2 an AVS sweep may be performed by the AVS assembly
494. A leak test may be pegformed between stages 2 and 3 (e.g., by keeping the valve 501
closed while applying a dgfwnward force on the plunger 499. In stage 4, the fluid is drawn
from the AVS assembly A94 into the plunger 493. Also during stage 2 an AVS sweep may
be performed By the AVS assembly 494, Between stages 3 and 4, a leak test may be
performed by keeping/the valve 501 temporarily closed while an upwards force is applied to
the plunger 499. Ti .stage 5, the fluid is discharged from the plunger 493 to the patient (i.e.,
past the AVS assfmbly 494). A leak test may be performed between stages 4 and 5, by
keeping the valye 501 temporarily closed and/or 10 cheek lor back{low. A leak test may

also be perforpfied during stage 5 to check for backflow.

[00595] Fig. 129 shows several stages illustrating a method for using a plunger pump
503 havind an AVS assembly 504 in accordance with an embodiment of the present

disclosurd. In stage 1, an AVS sweep is performed. In stage 2, fluid is drawn into the

variablg/ volume 506. In stage 2. after {luid is drawn into the variable volume 453, another
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AVS sweep is performed. In stage 3, the fluid is discharged. If stage 3, after the fluid has
discharged, an AVS sweep may be performed. Note that the actuator 507 is within the
variable volume 506. Therefore, the movement of the a ﬁator 507 does not affect the
volume of the variable volume 506.

5  [00596] Fig. 130 shows several stages illustrating A method for using a plunger pump

508 having an AVS assembly 509 in accordance yith an embodiment of the present

disclosure. The actuator 507 is located outside of fhe variable volume 509. The plunger

pump 508 uses a standard IV set 510 such that the compliance of the tubing 510 draws
liquid in during stage 4. Stage 2 discharges the li |

10 [00597] Stage 1, an AVS sweep is pegtormed by the AVS assembly 509 and a

id. The stages 1-4 may be repeated.

downward force may be applied to the plungfr 512 with both of the pinch valves 513 and
514. In stage 2, lhc fluid volume is discharggd. In stage 3, the plunger 512 is retracted, after
‘which an AVS sweep may be performed tf determine if the valves 513 and 514 are leaking
(e.g., the compliance of the tubing 455
15 510. ’

[00598] Fig. 131 shows sever

ay provide a negative pressure within the tubing

stages 1-5 illustrating a method for using a plunger
pump 515 having an AVS assemblfy 516 in accordance with an embodiment of the present
disclosure. The plunger pump 514 draws fluid into and out of the variable volume 517 via a
pncumatic actuator 518. During stage 1, a positive and/or negative pressure may be applied
20 to the variable volume 518 with both of the valves 519 and 520 closed. During stage one,
one or more AVS sweeps jhay be performed by the AVS assembly 516. If the volume
estimated by the AVS assgimbly 516 changes when both of the valves 519-and/or 520, then

the processor 37 may dgftermine that a leak in one or both of the valves 519 and/or 520

- exists. |

25 [00599] During stage 3, a positive and/or negative pressure may be applied to the
variable volume 518 with hoth of the valves 519 and 520 closed. During stage one, one or

more AVS sweepb may be performed by the AVS assembly 516. If the volume estimated
by the AVS asfembly 516 changes when both of .the valves 519 and/or 520, then the

processor 37 nfay determine that a leak in one or both of the valves 519 and/or 520 exists.

30 [00600] Iiig. 132 shows a plunger pump 521 with an actuator 522 inside the variable
volume 528 for use with a standard TV set tubing 524 in accordance with an embodiment of

the presepit disclosure.

929



10

15

WO 2013/096909 CT/US2012/071490

e,

~
[00601] Fig. 133 shows several views of a cam—\chf'%sn inear peristaltic pump 522

having pinch valves 523 and 524 and a plunger 525 insige a variable volume 536 in
accordance with an embodiment of the present disclosure. /The cross-sectional views 527
and 528 show two different standard IV set tubing 529 gonfigurations below the plunger
525.

[00602] Fig. 134 shows a plunger pump 530 fpr use within a standard TV 531 set
tubing with an actuator 532 outside of the variablf volume 533 in accordance with an
embodiment of the present disclosure. Fig. 135 shgws several views of a cam-driven linear
peristaltic pump 534 having pinch valves 535 And 536 a plunger 537 inside a variablé
volume 538 with a corresponding cam mechangsm 539 outside of the variable volume 538
in accordance with an embodiment of the pgfsent disclosure. As the cam followers 540,
541, and 542 move in and out of the variablle volume 535, the processor 37 of Fig. 2 may
adjust the measured volume to account fg the changes in volume the cam followers 540,
5341, and 542 affect the variable volughe. Cross-section views 543 and 544 show two
different configuration of the standarg IV set tubing 545 for the plunger 537 to interface
with. '

[00603] Fig. 136 shows a pl

i

nger pump 546 having a plunger 547 inside a variable
volume 548 with an actuator 549/outside of the variable volume 548 in accordance with an
embodiment of the present disgfosure. The processor 37 is coupled to a position sensor of
Fig. 2 to-account for the volu fe of the shaft of the plunger 547 as it moves in and out of the
variable volume 548.

[00604] Fig. 137 shows a cam-driven linear peristaltic pump 550 having a plunger
551 inside a variable vofume 552 with a corresponding cam mechanism 553 outside of the

variable volume 552 ghd pinch valves 554 and 555 on the housing of the variable volume

standard TV set tybing 556. Two cross-sectional views 557 and 558 are shown to illustrate
the configuratigh of the interface of the plunger 551 with the standard 1V sct tubing 556.

[00605] Fig. 138 shows a plunger pump 559 having a plunger 56() inside a variable
volume 561 And pinch valves 562 and 563 outside of the variable volume 561 in accordance
with an epibodiment of the present disclosure. The actuator 564 (c.g., a cam mechanism,

tor, linear actuator, etc.) is located outside of the variable volume 561. The
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processor 37 of Fig. 2 can compensate [or the shaft of 1he~\p@n

der 560 as it enters and exits
the variable volume 561.
[00606] Fig. 139 shows several views of a cam-dri £n linear peristaltic pump 562
having a plunger 563 inside a variable volume 564 with A corresponding cam mechanism
565 and pinch valves 566 and 567 outside of the variablg/volume 564 in accordance with an
embodiment of the present disclosure. Views 569 and 570 shows two different
configuration of the standard 1V set tubing 568. Tle standard TV set tubing 568 may be
positioned by a raceway (¢.g., defined below, abovef and/or around the tubing 568).

[00607] Fig. 140 illustrates the stages 1-

o

Q

of occlusion detection using a plungcf
pump 571 having an' AVS assembly 572 angfa spring-biased pinching mechanism 573
inside the variable volume 574 in accordance fvith an embodiment of the present disclosure.
The plunger purn'p'571 includes pinch valvey 575, 576, and 577.

[00608] In stage l the pinch valvgs 575, 576, and 577 are closed. The variable
volume 574 may be measured as the sprifig-biased pinching mechanism 573 compresses the
tube 578. If the volume of the variablg volume increases (e ¢., the tube diameter within the
variable volume 574 deéreases) thenfthe processor 37 of Fig. 2 may determine that one or
both of the valves 576 and 577 areflcaking. Additionally or alternatively, the spring-biased -
pinching mechanism 573 may indlude a sensor to cstimate the volume of the liquid within
the tube 573 within the variablefvolume 574. ‘The sensor may be, for example, a linear hall
effect sensor. If the sensor jdicates that the pinching mechanism 573 is slowly closing
despite that the pinch valvey' 575, 576, and 577 are closed, the processor 37 may determine
that an error condition exis |
[00609] In stage 2

the tube 573 thereby filfing the tube within the variable volume with a liquid. In stage 3, the

s (see Fig. 2).

the valve 576 is opened and the actuator 579 compresses against
valve 576 is closed. An stage 4, the valve 577 is opened. If there is no occlusion the liquid
within the spring-bjased pinching mechanism 573 will discharge the liquid. In Fig. 137, the
stage 4 shows afview 580 where there is no occlusion and the spring-biased pinching
mechanism 573/discharges the liquid, and stage 4 also shows a view 581 where the spring-
biased pinchinfe mechanism 573 does not discharge (or does not fully discharge) the liquid.
In some embodiments of the present disclosure, the position of then spring-biased pinching

573 during stage 4 is used to determine if an occlusion condition downstream

b., the processor 37 may determine that an occlusion exists). Stage 5 shows two

2 and 583. View 582 of stage 5 shows when no downstream occlusion exists and
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view 583 shows stage 5 when a downstream occlusi(? e\ki-st\s) ote the difference volumes
of the spring-biased pinching mechanism 573 in the two viglvs 582 and 583). An AVS
sweep and/or the position sensor of the spring-biased pinchi g-mechanism 573 may be used
in stage 5 to determine if the volume of the liquid within t variable volume 573 exceeds a
predetermined threshold such that the processor 37 of Fig. 2 determines that a downstream
occlusion exists.
[00610] Fig. 141 shows a pump 600 with afspring-loaded plunger 604 within a
variable volume 605 of an AVS assembly 606 with actuated plunger 604 outside of the
variable volume 605 in accordance with an emjfodiment of the present disclosure. The
valve 602 may be closed and the valve 601 opegfied with the plunger 604 retracted to allow
“the tube 607 to pull fluid in under the plunger $04.

[00611]  The valves 601 and 603 ar

plunger 604 presses against the tube 607 fo force fluid into the tube 607 region disposed

closed and the valve 602 opened while the

within the variable volume 605; this cauggs the spring-loaded (or sprin g—biased) plunger 604
actuate to increase the amount of energg stored in its spring. The valve 602 is closed and an
AVS measurement is taken. Thereafler, the pinch valve 603 is opened which forces fluid™
within the variable volume 605 outfof the tube 607 and towards the patient. Thereafter, the
valve 602 is closed and another AVS sweep is performed. The AVS volume measurements

are compared to determine thefamount of fluid discharged through the pump 600. The
spring biased plunger 604 may be a sin gle plunger with a spring attached to a shaft o apply
a downward force on the tubl 607.

[00612] Iig. 142 shpws a linear peristaltic pump 608 with pinch valves 609 and 610
and a cam shaft 611 disppsed within a variable volume 612 of an AVS assembly 613 having
spring-biased binchino mechanism 614 (see view 615) disposed therein, and a plunger 616
and a pinch valve /617 outside of the variable volume 612 in accordance with an
embodiment of the 'prescnl disclosure. The manner of operation may be the same as the
pump 600 of Fig/141 (e.g., the plunger 616 force fluid to expand the pinching-mechanism
614 and load thy associated springs).

[00613]

and 621 andfa plunger 622 disposed outside of a variable volume 623 of an AVS assembly

Iiig. 143 shows a linear peristaltic pump 618 with pinch valves 619, 620,

624 in acgbrdance with an embodiment of the present disclosure. The manner of operation

may be tfie same as in pump 600 of I'ig. 14].
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[00614] Fig. 144 shows a the stages 1-5 of a}ﬁ]gm mp 625 having an optical
sensor or camera 626 to measure the §101u1ne within a 1ube\() 7 residing within a chamber
628 in accordance with an embodiment of the present disc oSure. The plunger pump 625
includes a spring-biased pinching mechanism 629. An factuator 634 applies a pumping
force to force fluid into the region of the tube 627 withfn the chamber 628 in the manner
similar to the pump 600 of Fig. 141.
[00615] In stage jl_., the valves 630, 631, and 32 are closed. The optical sensor or
camera 626 estimates the volume within the regign of the tube 627 disposed within the
chamber 628. ‘The plunger 633 may compress th¢ tube 627 to detcrmine if the plunger 633
moves beyond a predetermined amount to perfofm a check of the valves 630 and 631. That
is, if the plunger 633 moved beyond a threshofd amount, a processor 37 may determine that
one of the valves 630 and 631 is leaking. '
[00616] In stage 2, the valve 631 is ppened, and fluid is forced into-the chamber 628
by actuation of the plunger 633. In stagg 3, another optical volume estimate is made after
both valves 631 and 632 are closed. / In stage 4, the the valves 632 is opened. 1If an
occlusion exists, the spring- biased pinching mechanism 629 cannot discharge all of the
fluid out of the tube 627 within th¢/ chamber 628. If no occlusion exists, then the spring-
biased pinching mechanism 629 fcan discharge the fluid out. During stage 5 a volume
measurement is made to determfne if the fluid has been discharged beyond a threshold. If
fluid has not been discharged Yeyond a threshold, the processor 37 of Fig. 3 determines that
an occ]usioh exists
[00617] Fig. 145 shofws a plunger pump 635 having a chamber 636 having an optical
sensor 637 1o estimate flffid volume of a tube 638 having a spring-biased pinch mechanism
639 around the tube @38 and a plunger 640 and pinch valves 641, 642, and 643 in
accordance with an efnbodiment of the present disclosure. The optical sensor 637 may be
an LED time-of-flight device or a camera. The manner of operation of the plunger pump
635 may be the safne as the plunger pump 625 of I'ig. 144.
[00618] B

Jstimate fluid volume of a tube 647 having a spring-biased pinch mechanism

. 146 shows a plunger pump 644 having a chamber 645 with an optical
sensor 646 10
648 around tfic tube 647 and a plunger 649 and pinch valves 650, 651, and 652 outside the
chamber 645 in accordance with an embodiment of the present disclosure. The plunger

pump 644/ may operate in the same manner of operation of the pump 625 of T'ig. 144.
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[00619] Figs. 147 show several views of a?u\ngg plmp 653 having an AVS
assembly 655 with pinch valve disposéd 656 and 657 within tffe variable volume 658 of the
AVS assembly 659, and a plunger 660 and pinch valve 66 disposed outside the variable-
volume 658 in accordance with an embodiment of the pfesent disclosure. Note that the
pinch valves 656 and 657 wholly traverse through the vaiable volume 658. Fig. 148 shows
an two cross-sectional views of the plunger pump ¢f Fig. 147 in accordance with an
embodiment of the presént disclosure. Fig. 149 shglws an alternative two cross-sectional
views of the plunger pump of Fig. 147 in accordafice with an embodiment of the present
disclosure. Note in the two views of Fig. 148, th€ pinch valve is disposed around thc‘tubé
and in Fig. 149 the pinch valve is disposed on ogfe side of the tube.

[00620] Fig. 150 illustrates the stages 14 during normal operation of a plunger pump
662 having a spr‘ihg-biased plunger 663 in fccordance with an embodiment of the présent
disclosure: In stage 1, the plunger 663 is pfilled away from the tube 664 and the pinch valve
665 is opened. An AVS measurement if taken. In stage 2, the pinch valves 6635 is closed
and the plunger 663 compresses the ylibe 664. Another AVS measurement is taken. In
stage 3, the pinch valve 666 is openegl and the plunger 663 pushes fluid out of the tube 664.°
An AVS sweep is performed tof estimate the volume of fluid delivered. In some
embodiments, the plunger 663 ifcludes a lincar hall effect sensor which correlates the
movement of the plunger betwegn stages 2 and 3 to estimate the amount of fluid discharged.
[00621] Fig. 151 illustrg

622 of Fig. 150 in accordghce with an embodiment of the present disclosure. Stage 3

es the stages for detecting an occlusion for the plunger pump
compares the AVS measyfements when an occlusion occurs vs. a normal fluid delivery.
The processor 37 of Fig.f3 can detect when not enough fluid is delivered thereby indicating
to the processof than agf occlusion has occurred.

[00622] Fig. 192 illustrates stages 1-2 for leakage detection for the plunger pump 622
of Tig. 150 in accgfdance with an embodiment of the present disclosure. In stage 1, the
pinch valve 665 ifopened and the plunger 663 is opened thereby drawing fluid into the tube
664. In stage 2f after the pinch valve 665 is compressed against the tube 664, the plunger
applies a forcg/against the tube 664. If one of the valves 665 and 666 is leaking, in stage 2,
the AVS mghsurement would indicate a leakage of fluid (i.c., the variable volume would
increase.
[00623] Fig. 153 illustrates the stages 1-2 for detecting a failed valve and/or bubble

detectigh for the plunger pump 602 in accordance with an embodiment of the present
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disclosure. As shown in stage 2, if the variable volume™ ]ngea es beyond a predetermined
threshold and does not continue to deci‘ease, the processor 37 ¢f Fig. 3 may determine that a
bubble exists in the tube 664. |
[00624] Fig. 154 illustrates the stages for empty regervoir detection and/or upstream
occlusion detection for a plunger pump 662 in accordance with an embodiment of the
present disclosure. As shown in stage 2, if the AVS syveeps indicate that fluid is not being

drawn into the tube 664, then the processor 37 of Fjg. 3 may determine that the upstream

S
reservoir is empty.
100625] Fig. 155 illustrates the stage for fre€ flow prevention for a plunger pump 662
in accordance with an embodiment of the pregent disclosure. That is, when a free flow
condition is delected, the plunger 663 may cgmpress against the tube 664 to stop the free
flow. v ' -
[00626] -  Fig. 156 illustrates the stages for a negative pressure valve check for the
plunger pump 662 in accordance with an£mbodiment of the present disclosure. Stage 1, the
plunger 663 is compressed against the fibe 664, and both valves 665 and 665 are closed. In
stage 2, the plunger 663 is lifted fromfthe tube 665. If there is a leak, the compliance of the
tube 664 will pull in fluid which isfletected by the AVS sweeps. As shown in Stage 3, the
valves 665 and 665 are opened.
[00627] Figs. 157-158 s

that traverses the variable vofume 672 of an AVS assembly. 673 in accordance with an

w views of a plunger pump 670 having a cam shaft 671

embodiment of the present dfsclosure;

[00628] Figs. 159-1

3]

illustrate several cam profiles in accordance with several
embodiments of the pregent disclosure. The cam profiles of Figs. 159-162 may be used
with the perisla]lic pur 662.()f Figs. 150-158, or any sufficient pump disclosed herein.

[00629] Fig. 199 shows a cam profile that uses the integrity check described in Figs.
150-158 except for A negative pressure valve check, and can be used for forward pumping
and backward puphping. The backward pumping may be used during an infiltration test as
described hereis

Figs. 150-158

Fig. 160 shows a cam profile which uses the integrity checks deseribed in
ithout the negative pressure check. Rotation of the cam in a back and forth
manner causgs fluid flow in the cam profile of Fig. 160 when the cam is rocked from 0 to
cf. Back pumping is accomplished in the cam profile of Fig. 160 by rotating the
cam shalf back and forth from 315 degrees to 160 degrees. In Fig. 161 a cam profile is

shown fhat uses the integrity check described in Figs. 150-158 except for a negative
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pressure valve check. The cam profile in Fig. 161 can bc\m{d 1 provide forward fluid flow

of the pump. Fig. 161 shows a cam profile that pulses [luid fvhen rotated cominu()uély in
one direction with a zero total fluid flow. The chart in the 0.1tom right hand corner of Fig:
162 shows the movement to achieve forward, backwards, ghd swishing fluid movement.

5 [00630] Fig. 163 illustrates a peristaltic pump 67% having a plunger 676 and a pinch
valve 677 outside of an AVS variable volume 678 wifh two pinch valves 679 and 680 on
the interface of the AVS variable volume 678 in agcordance with an embodiment of the

| present disclosure. Fig. 164 illustrates stages 1-5 offoperation of the peristaltic pump of Fig.

163 (in simplified version) in accordance with an fmbodiment of the present disclosure. .

10 [00631] Fig. 165 illustrates a peristaltic pimp 681 having two plungers 682 and 683

| external to an AVS variable volume 684 in agcordance with an embodiment éf the present

disclosure. Fig. v1‘46‘6 illustrates several stagef 1-6 of the peristaltic pump 681 of Fig. 165 in
accordance with an embodiment of the prefent disclosure; |

[00632] Fig. 167 illustrates a perigfaltic pamp 685 having a plunger 686 with a linear

15 sensor 687 in accordance with an embofliment of the present disclosure.  Fig. 168 illustrates

a graphic of data from the linear sghsor 687 of the peristaltic pump 685 of Fig. 167 in

accordance with an embodiment vf the present disclosure. As shown in Fig. 168, the

amount of movement of the plugfeer 686 between the pressurized stage (c.g., both pinch

valves closed 688 and 689 and tfie plunger’s 686 spring applying a force again the tube 690)

20  and the delivery stage (e.g., the outlet pinch valve 689 is opened) is correlated with the

amount of fluid discharged. /The correlation between the amounts of fluid discharged with

the delta output from the sfnsor 687 may be determined empirically. The plunger 686 may

be spring loaded against fhe tube 690 such that the cam only comes into contact with a cam

follower coupléd to thefplunger 686 in order to lift the plunger 686 away from the tube 690.

25  [00633] Flg 159 illustrates the stages ol the peristaltic pump of Fig. 167 in

accordance with an£mbodiment of the present disclosure. Fig. 170 illustrates the detection

of an occlusion Londition vis-2-vis a non-occluded condition .in accordance. with an

cmbodiment of fhe present disclosure. That is, the plunger position data is shown for the

normal vs. ocfluded conditions. Note that when there is an occlusion. fluid does not

30  discharge anfl thus the plunger position does not move as much. This may be detected by
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[00634] Fig. 173 shows a block diagram that 1?113?1‘&1{5 tile electronics of a peristaltic
pump in accordance with another emBodimcm of the present/disclosure. That is, Fig; 173
shows the electronics of one of pumps 16, 17, and 18 of g/ 1 in one specific embodiment.
Fig. 174 shows a block diagram that illustrates the electropfics of another embodiment of the
peristaltic pump of one of the pumps 16, 17, and 18 in Fig.
[00635] Fig. 175 shows a perspective view of fperistaltic pump 700 in accordance
with an embodiment of the present disclosure. TJe peristaltic pump includes an AVS
chamber (see the AVS chamber 714 of Fig. 184). fThe peristaltic pump 700 includes cams
701, 702, and 703 that rotate along with a cam shaft 704 coupled to a motor via a gear 705..
The cam 702 control an inlet pinch valve, the cfm 702 controls a plunger, and the cam 703
controls an outlet pinch valve.

[00636] The cams 701-703 may be ghaped to provide a peristaltic-pumping action
along the tube 707. The cams 701-703 phay be shaped to provide a three stage pumping
action or a four stage pumping action.

[00637] The three stage pumping action includes stages 1, 2, and 3. In stage 1, the

* outlet valve is closed, the inlet valvefis opened, and the plunger is lifted off of the tube. In

one embodiment, the outlet valye is substantially closed before the inlet valve is

substantially open. In stage 2, tht inlet valve is closed, and the spring-biased plunger is
allowed by the cam to apply a cfmpression force against the tube 707. In stage 3, the outlet
valve is opened such that the ,‘ ompressive force of the spring’s plunger compresses out the
fluid towards the patient. Aflincar sensor (e.g., optical or hall-effect) measures the position
of the plunger. A processgh coupled 1o a motor to control the cam shaft 704 and coupled to
the linear sensor may cofpare the difference of the plunger’s position in stage 2 when the
plunger stops movemenf and fully compresses against the tube 707 and at the end of stage 3
(all fluid has been foyted out towards the patient and the plunger stops moving because no
additional fluid maybe compressed out of the tuhe). Tn another embodiment, the processor,
coupled to the professor coupled to a motor to control the cam shaft 704 and coupled to the

lincar sensor, mfty compare the difference of the plunger’s position in stage 2 when the

PN

p_hinger rate of movement drops below a defined threshold and during stage 3 when the
plunger rate fof movement drops below a given threshold or the plunger position drops
below a defined value. The thresholds for the rate of movement and position of the plunger
are deterghined by calibration experiments. The processor uses the measured differences

between/ the displacements between these two positions to correlate the difference 10 a
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volume of fluid pumped (e.g., by comparing the delta vzﬂ\ue\(th» difference between the two
measurements) to values in a look-up table). Optionally, i slagé 3, the opening of the
outlet valve is controlled by the rotation of the cam 704 to gchieve a target fluid discharge-
rate profile, e.g., the delta is used between the measuremgnt of stage 2 and in real-time as
5 the outlet valve is opened in stage 3 (e.g., the delta is confinuously calculated).
[00638] During stage 2, if the plunger movesy/ beyond a predetermined threshold
and/or beyond a predetehnined slope, one of the infet valve and the outlet valve may be
leaking. T‘or example, if the plunger quickly movgs to compress the tube and continues to
move (c¢.g., beyond a predetermined slope), the /processor may determine that onc of thé
10 inlet and outlet valves are leaking. The procesgor (the processor 37 of Fig. 3) is coupled to
| the linear sensor may issue an alarm and/or él Tt. v
[00639] Iﬁu"ﬂng stage 2, if the plungey/moves beyond a predetermined threshold when
the cams allows the compression of the spfing to compress the tube or the movement slows
as the plunger hits the tube and then moges more beyond a predetermined threshold (as the
15 bubble is compressed), it may indicatefthat a bubble exists within the tube. For examplé, if
the plunger moves as the cam folloyer moves the spring-bhsed plunger towards the tube,’
then momentarily stops, and then rfoves again, the processor may determine that air within
the tube has been compressed. I some embodiments, movement beyond a predetermined
threshold may suggest that air £xists within the tube. The processor coupled to the linear
20  sensor may issue an alarm afd/or alert. In some embodiments, to distinguish between a
leaking valve and a bubblefa downstream bubble sensor (not shown) may be used by the
processor to distinguish befween the two error conditions.

[00640] In some efnbodiments, if the spring-biased plunger in stage 2 moves towards
the tube and does nof engage the tube until after a predetermined threshold has been
25 crossed, the processof may determine that an upstream occlusion exists and the tube did not

fill up with fluid d

[00641] In/

ing stage 1. ‘

ome embodiments. if the spring-biased plunger in stage 3 does not move

beyond a predftermined threshold, the processor- may determine that a downstream
occlusion exifls (c.g., the tube cannot discharge fluid downstream). Additionally or

30 alternatively/ the processor may determine that a downstream occlusion exists when each
cycles of the stages 1-3, less and less fluid is discharged to a patient (i.e., the compliance is

increasing taking in fluid downstream).
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[00642] In some embodiments of the present disc\lbsure,

ur he cams 701, 702, and 703

may be shaped to have a four stage pumping action.
[00643] In stage 1, the outlet valve is closed, the nilel valve is opened, and the
plunger is lifted off of the tube. In stage 2, the inlet valvf is closed, and the spring-biased
plunger is allowed by the cam to apply a compression [ofce against the tube 707. In stage 3,
the plunger is lifted off of the tube and the outlet valyg is opened. In stage 4, the cam 702
allows the plunger to apply the compressive force of the spring’s plunger to compress out
the fluid towards the patient. A linear sensor (¢fg., optical or hall-effect) measures the
position of the plunger. A processor coupled tofa motor to control the cam shaft 704 and
coupled to the linear sensor may compare the dffference of the plunger’s position in stage 2
when the plunger stops movement and fully ¢compresses against the tube 707 and at the end
of stage 4 (all fluid has been forced out toyards the patient and the plunger stops moving
because no additional fluid may be compressed out of the tube). The processor uses the
measured differences between the displaicements between these two poéitions to correlate
the difference 1o a volume of f{luid/pumped (e.g., by comparing the delta value (the
difference between the two measurginents) to values in a look-up table). Optionally, in
stage 4, the movement of the plunger to compress the tube using the plunger’s compressive
force (as allowed by the cam 702) is controlled by the rotation of the cam 704 to achieve a
target fluid discharge-rate profile, e.g.. the delta is used between the measurement of stage 2
when the plunger fully Comprv sses the tube and the movement of the plunger in real-time as
the plunger is allowed to copipress the tube 707 (e.g., the delta is continuously calculated).
[00644] In some enfbodiments, a downstream occluder may be adjusted to smooth
the flowing of the fluid tp the patient.

[00645] In somy embodiments AVS may be used instead of the linear position
sensor. In some empodiments, only the linear position sensor is used. In yet additional
embodiments, both/of the AVS and the linear position sensor are used.

[00646] Figs. 176-180 show data from several AVS sweeps in accordance with an
embodiment offthe present disclosure. The AVS sweeps of Figs. 176-180 are for the
peristaltic purfp 700 of Fig. 175.

[00647] Fig. 176 shows data, including a magnitude and phase response, of a variable
volume argund the tube 707 of the peristaltic pump 700 of Fig. 175 relative to a reference

volume. /That is, the data as shown in Fig. 176 is correlated to the volume of air around the
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tube 707 (see Figs. 175) within an acoustically scaled 1%‘gi\o\n 36 shown in Fig. 184 (i.e.. a
variable volume chamber). A
[00648] Fig. 177 illustrates several AVS sweeps perfofmed using the peristaltic pump
700 of Fig. 175. Note that, although the plunger is sprinf-loaded against the twbe 707 in
Sweep 3 and the outlet valve is opened by the cam/703, the fluid is not discharged
downstream towards the patient. The processor 37 of Fig. 3 may determine that a
downstream occlusion exists in this circumstance.
[00649] Fig. 178 shows several AVS sweeps using the pump 700 of Fig. 175. In
sweeps 2 and 3 of Figs. 178, the cam 702 allowy the plunger’s spring to compress againsi
the tube 707, but the cams 701 and 703 force the pinch valves closed. In sweep 3, the inlet
and outlet valves have remained closed, howgver, the variable volume is increasing which
thereby indicateé':that the fluid is being discfiarged out of one of the inlet and outlet valves.
The processor 37 of Fig. 3 may determinefthat one of the inlet and outlet valves are leaking
when the sweeps data appears as in swegps 2 and 3 despite that the inlet and outlet valves
have remained closed. » v

[00650] Fig. 179 shows severil AVS sweeps using the pump 700 of Fig. 175." In’
sweep 1, the cams 701 and 703 cloge the valves, and the cam 702 allow the plunger’s spring V
the compress against the tube 707, In sweep 2, the cams 701 and 703 have kept the valves
closed, however, the plunger’sf spring has moved the plunger beyond an predetermined
amount. The processor 37 maf determine that the movement of the plunger is because air is
within the tube under the plynger. A downstream air detector 24 (see Fig. 1) may be used to
distinguish between movements caused by the compressibility of air when- air is within the
tube 707 below the plunger vs. a leaking inlet or outlet pinch valve.

[00651] Fig. 18(fillustrates the AVS sweep performed during multiple (full cycles) of
fluid discharge towghds the patient using the pump 700 of Fig. 175 when there is a
downstream occlusfon. That is, each sweep may he performed after the plunger is expected
to discharge fluifl towards the patient. As shown in sweep 4, the pump 700 is not
discharging thy/ fluid.  For example. the pump 700 may slowly fill the downstrecam
C(’)‘mpliance of the tube 707 until the tube can no longer expand, in which case, the pump
700 has diffjcultly pumping additional liquid downsu"eam because the spring of the plunger
cannot apphy sufficient force to pump additional liquid downstream. The processor 37 (see
Fig. 3) nfay determine that the decreased liquid delivery during each cycle of the pump 700

indicatfs that a downstream occlusion exists,
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[00652] Figs. 181-183 show several side views of &~cam pechanism of the peristaltic

[00653] There are various devices that may be fised to sense the position of the

pump plunger 706 and pinch valves of the pump of Hig. 175. These include, but are not
limited 1o one or more of the following: ultrasonic, oftical (reflective, laser interferometer,
camera, etc), linear caliper, magnetic, mechghical contact switch, infrared light
measurement, ctc.  In one cmbodimcnt, a sphall reflective optical sensor assembly
(hereinafter “optical sensor”) that fits into thefexemplary embodiments of the peristaltic
pump 175, as shown and described, for examgle, herein, may be used. The optical sensor
in the various embodiments has a sensing fange that accommodates the components for

which the optical sensor may be sensing, ef., in some embodiments, the plunger 706. In the

exemplary embodiment any optical senpor may be used, including, but not limited o a
Sharp GP2S60, manufactured by Sharg Electronics Corporation, which is a US subsidiary
of Sharp Corporation of Osaka, Japar
[00654] In various embodi ._ents, the pumping apparatus may be based on the
principle of indirect compressionf/of a flexible tube scgment through the application of a

restoring force against the tubi

i)

segment by a spring-based apparatus. As shown in lig.
181, a cam lobe or element 7(2 may be eccentrically disposed on a shaft 705 1o cause cam
follower 709 to move in a yciprocating fashion as the cam element 702 rotates. Plunger
spring 710 in this illustratjon is biased to urge a plunger 706 to compress the flexible tube
segment 707 situated wifhin the peristaltic pump 700. Thus, in this arrangement. a spring
constanl may be selecfed fo.r spring 710 to cause the plunger to compress flexible tube
seement 707 to the gxtent necessary to deform the wall of the tube segment when liquid
having a pre-selectgld range of viscosities is present within it, and for a pre-determined flow
resistance of the fluid column to the end of a catheter or cannula attached to the terminal

end of the flexilfle tube. In this way, the distance and speed with which plunger 706 moves

1o compress tybing segment 707 can provide information about the state of the tubing distal
to tubing segdment 707, such as whether there is a complete or partial occlusion involving

the tube of an attached catheter, or whether the catheter has been dislodged out of a blood

vessel orfbody cavity and into an extravascular tissue space. The movement of the spring or

elements (such as the plunger) may be monitored by one or more sensors, the data
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being transmitted to a controller (e.g., the processor 37 of i?ii% 3Yfor analysis of the rate and
pattern of movement as the tube segment is compressed. Lxgfnples of suitable sensors for
this purpose may include, for example, Hall LEffect sens lS potentiometers, or optical
sensors including LED-based, laser-based or camera-based/fsensing systems that are capable
5  of transmitting data to a controller employing various [or

[00655] The action of peristaltic pump 700 of Fig. 175 is illustrated in Fig. 182. Fig.

s of pattern-recognition software.
182a shows the cam lobe or element 704 contacting gam follower 709, compressing spring
710, and moving the plunger 706 away from tube sfgment 707. T'ig. 182b shows cam lobe
704 having rotated about cam shaft 705 away frojn cam follower 709, allowing spring 710
10 to extend, and the plunger 706 to begin comprefsing tube segment 707. In Fig. 182¢, cam
| lobe 704 has rotated sufficiently to completelyfrelease cam follower 709 1o allow spring 710
to extend sufficieﬁtly to allow the plunger 7 6 to completely compress tube segment 707.
Assuming that an inlet valve acting on tubg segment 707 entering pump 700 is closed, and
~ an outlet valve acting on tube segment 07 leaving pump 700 is open, a volume of liquid
15  within tube segment 707 will be propefied distally out of the tube segment 707. Although
the side-view shown in Fig. 182 is of a plunger, the operation of the inlet and outlet valve-
may be similar and/or the same. »
[00656] Fig. 183 illustratesfa scenario in which the resistance to flow of the liquid
column within tube segment 707/is increased beyond the pre-determined functional range of
20 the spring selected for pump' 00. As cam lobe 704 moves. from a spring compressing
position in Fig. 183a to a sphing de-compressing position in Fig. 183b, the spring force is
insufficient to compress tupe segment 707 quickly. and may only be able to compressrtube
segment 707 partially, agfshown in Fig. 183c. The rate of movement and end position of a
component the plunger spring-cam follower assembly may be detected by one more sensors
25  appropriate for this tgk (e.2., camera-based sensor), which may, for example, be mounted
near or adjacent to plunger 706. This information may be transmitted to a controller, which
can be programmgd to interpret the signal pattern in light of stored data that has previously
been determinedfempirically. The pattern of volume-change vs. time of a compressed tube
segment such #s that shown in Fig. 180 may in some cases mirror the pattern to be expected
30 of movemenf vs. time when the relative position of a component of the plunger-spring-cam
follower aggembly is tracked.
[00657]

718 of fhe peristaltic pump of Fig. 175 in accordance with an embodiment of the present

Fig. 184 shows a sectional view of the pinch valves 715 and 716 and plunger
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disclosure. In various embodiments, the tube segment within thf pumping apparatus is held
against an anvil plate during compreséion by a plunger. Th\e lube segment may be held in
position by being secured in a form-following raceway havi g sufficient space to allow for
the lateral displacement of the tube segment walls as it is Jeing compressed. However, this
may allow for some lateral movement of the tube segmepit in an uncompressed state.  Fig.
185 shows an alternative arrangement in which the tubg segment may be held in position by
flexible side arms or ingcrs that can elastically spregdd apart to accommodate the spreading
sides of the tube segment as it is compressed. Fig. /85 shows a plunger comprising flexible
side arms or fingers to grip a tube scgment to kegp it relatively immobilized in both a non-
compressed and compressed state. In an uncgfmpressed or ‘unpinched’ state, the flexible
fingers fit snugly against the sides of the tubefsegment, preventing lateral movement of the
tube within the pumping apparatus. In a cojpressed or ‘pinched’ state, the flexible fingers
elastically spread apart 10 accommodate the lateral displacement of the tube segment walls
as it is compressed, maintaining the overfll position of the tube segment within the pumping
apparalus.

[00658] Fig. 186 shows an enfbodiment of a cam mechanism of a peristaltic pump
719 in accordance with an embod'.nent of the present disclosure. A cam 720 controls a -

pinch valve 721. A Cam 722

(@]

itrols plungers 723, 724, and 725. A cam 726 controls
another pinch valve 727. A lajkhing mechanism (e.g., a magnetic latch) may prevent the
plungers 723 and 725 from mg
[00659] Figs. 188, 18

accordance with the preseyft disclosure. The peristaltic pump 729 includes a cam shaft 730

/ing to compress the tube 728 as shown in Fig. 187.

, and 190A show several views of a peristaltic pump 729 in

coupled to cams 731, 732, 733, and 734 that engage the cam followers 735, 736, 737, and
738, respeclivély. Th cam follower 735 is coupled to a first pinch valve 739, the cam
followers 736 and 737 are coupled to a plunger 740, and the cam follower 738 is coupled to
another pinch valvef741. As shown in Figs. 190B-190C, the plunger 740 includes a pincher
744 that engages fingers 743 forming a raceway.

[00660] Bfes. 191-195 show scveral views of a peristaltic pump 745 in accordance
with aﬁ additignal embodiment of the present disclosure. The peristaltic pump 745 of Figs.
190-195 is sjmilar to the peristaltic pump 729 of Figs. 188-190C, except that the peristaltic
pump 745 pf Figs. 190-195 includes a torque balancing cam 746 coupled to a cam follower

747 that ¢#perate gether 1o smooth the rotational torque of the camshaft 748.
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[000661] Fig. 196A illustrates the torque profile~of a fotating cam shaft of the

peristaltic pumps of Figs. 188-190C and of Figs. 191\— 95 in accordance with an
embodiment of the present disclosure. The torque profil 749 shows the torque of the-
peristaltic pumps of Figs. 188-190C. torque 750 shows thfe torque produced by the torque
5 balancing cam 746 of the peristaltic pump of Figs. 191-£95. The torque profile 751 shows
the resulting net torque on the camshaft 748 caused/by the smoothing operation of the
torque balancing cam 746 (also see Fig. 196B).
[00662] Fig. 197 illustrates a cam profile fof several cams for a peristaltic pump in
accordance with an embodiment of the present dlisclosure. The cam profile describes the
10 four stage pumping action described above. THe solid lines describe the linear position of
| the cams. The dashéd lines plot the position gff the plunger and valves. The Pump cam and
plunger po_silioh.‘O\'/er time are plotted in 13Q0). The inlet valve cam and inlet valve position
are plotted in 1302. The outlet valve cam/fand outlet valve position are plotied in 1304. In
stage 1, the outlet valve closes at 1306.

15 off the tube at 1310, which allows flui

he inlet valve opens at 1308. The plunger is lifted
to enter the tube under the plunger. In stage 2, the
inlet valve closes at 1312, while thef plunger-remains lifted off the tube. In stage 3, the:
plunger is allowed to compress the; ‘bubc. The position of the plunger 1314 departs from the -
cam position due to the presence pf fluid in the tube. The controller may exceute a number
of diagnostic tests including but/not limited to leak tests, air in the line, occlusions based on
20  the measured position and m¢/vement of the plunger during stage 3. In stage 4, the outlet
valve is opened at 1316 firgt. After the outlet valve is opened, the plunger is allowed to
compress the tube forcing fiquid out of the pump. The plunger force is supplied by springs
acting on the plunger oy springs acting on the plunger cam followers. The cam may be
formed to limit the desgent of the plunger during stage 4. The actual position of the plunger
25  may be further limitgll by the fluid flow out of the tube. The processor on the pump may
actively control thefplunger position by controlling the cam rotation based on the measured
location of the plfinger. This closed loop control of the motor may provide low flow rates
(Fig. 198). In ¢ hcrpmbodimcnts at higher flows, the cam and/or motor will be controlled
inan ()bcn loop.

30

[00663] Fig. 198 shows various feedback modes of a peristaltic pump in accordance
with an ¢mbodiment of the present disclosure. In a closed loop mode. feedback [rom the

AVS mbasurements and/or the linear sensor is used 1o control the speed of the camshaft. In
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~open loop mode, the speed of rotation is selected by ref \mn a lookup table in response
to a target fluid flow rate. »

[00664] Fig. 199 shows a graph illustrating data of : linear sensor used to estimate
fluid flow in accordance with an embodiment of the prefent disclosure; “The delta value
from the plateau 752 caused by both inlet and outlet vAlves being closed in a peristaltic
pump with the plunger fully compressing against a ffuid filled tube and the plateau 753
cause after the outlet valve is opened and all of thefluid is expelled out of the peristaltic
pump and the plunger is fully compressing against the tube by the force from its spring.
[00665] Figs. 200-206 show an-alternatc £mbodiment of a peristaltic pump 1200
wherein a motor 1204 may drive a cam shaft 1£06 via a gear train 1208. The cams may
actuate one or more valves 1226, 1228 and # plunger 1222 via levers that rotate about a
common axis. The tube 1202 is held in plage by a door 1212. The peristaltic pump 1200
may include a receptacle for a slide occluc br 1200 and mechanisms that prevent a free-flow
condition on the tube during installation ¢f the tube in the peristaltic pump 1200.

[00666] The cam shaft 1206 may include several cams 1232A-E. The cams 1232A-E
may control the position of severaf items that may incAlu‘de but are not limited to-the
following: inlet pinch valve 1224/ plunger 1222, outlet pinch valve 1226, and a torque
balancer.  The cams 1232A-E nfay be contacted by wheels 1214A-E on the cam followers
1216A-E. The cam followers /1214A-E may include magnets 1218A-E. The position of
each magnet may be detectefl by an array of sensors 1220. The pump controller may
calculate the position of afpump plunger 1222 and valves 1226, 1228 from the sensor
signals generated by the fnagnets 1218A-E. The peristaltic pump 1200 may include an
ultrasonic sensor 1228 tgfdetect the presence of the air bubbles in the fluid exiting the pump.
The ultrasonic sensor 1228 may communicate with the pump controller.

[00667] The cfm followers 1214A-E may have an L shape and may pivot about a
central axis at 123f). The cam followers are held against the cams 1232A-1% by springs
1234A-I3.  Spring 1234C may provide a torque balancing load. "l‘he‘ springs 12348 and
1234D may propide the force to urge the plunger toward the anvil plate 1236. "The springs
1234A and 1934E may provide the force to close the pinch valves 1226, 1228 against the
anvil plate 1236.

[00668]

pump 1200. In step 1, the door 1212 is open. In step 2, the tube 1202 and slide occluder

Fig 207 illustrates the installing tube with the slide occluder in the peristaltic

afe placed in position in the peristaltic pump 1200. In step 3, the slide occluder 1210
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is slid into the peristaltic pump 1200 and displaces sli\cﬁ\&;{lz anfd lever 1240 away from the
door and displaces button 1248 forward. The tube 1202 E eld near the front peristaltic
pump 1200 as the slide occluder 1210 so that the tube 1202 s in the narrow part of the slot
and pinched closed. In step 4 the door is closed. In step 7, the slide occluder 1210 pushed
out by the movement of button 1248 toward the back ¢f the peristaltic pump 1200. The
button 1248 moves lever 1240, which draws slide 1242fforward. The forward movement of
the slide occluder 1210 releases the pinch on the tube/1202 by the slide occluder 1202.
[00669] Figs 210-212 illustrates features to fprevent the user from installing a tube
without the correct slide occluder. A tab 1250 pfevents a slide occluder 1210 from being
installed that does not have a matching slot 12§2. A shutter 1254 prevents the door 1212
from closing. The shutter 1254 is displaced by'the slide occluder 1210 in step 3 of Fig. 207.
[00670]  Figs 213-220 illustrate how jhe peristaltic pump 1200 prevents a free flow
condition when the tube 1202 is loaded anfl/or removed. The door 1212 easily opens to an
angular position 90° from the front of the peristaltic pump 1200. A small force may be
applied (o further rotate the door 1212 /which forces the plunger 1222 and the pinch valves
1224, 1226 into the opeﬁ position. Tjie movement of the door 1212 pulls the L shaped cam
followers 1218A-T toward the fronf and thereby lifts the plunger 1222 and the pinch valves
1224, 1226 off the tube 1202.
[00671] Fig. 221 illustratgs the ultrasonic air sensor 1228 that may detect air bubbles
of a certain size in the fluid dofvnstream of the pinch valve 1266 pump. The pressure sensor
1260 may measure the statig pressure in the {luid downstream of the pump. The pressure
sensor 1260 and air sensor

[00672]  Tig. 222-

228 may communicate with the pump controller.
23 shows two views of a peristaltic pump 754 in accordance with
an embodiment of the

755 and a door 756.

resent disclosure. The peristaltic pump 754 includes a door lever
“ig. 224 shows the slide occluder 757 in an open position against the
tube 758." The slidé occluder 754 is carried in the slide occluder carriage 1312, The slide
occluder carriage/76(0) engages a pin 761 that is in mechanical communication with the

plunger lift levef 759 in Fig. 225. Fig. 225 illustrates that as the door lever 755 is opened

(see Fig. 244) fa plunger lift lever 759 is not lifting the plunger 1310 and pinch valves. Fig.
226 shows hpw as the door lever 755 is opened, the carriage 760 moves forward toward the
door and nfoves the slide occluder 757 passed the tube 758 so that the tube 758 is closed as
it passes fnto the narrow section of the slide occluder 757. At approximately the same time

that thg/ tube 758 is pinched closed by the slide occluder 757 the forward motion of the
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carriage 760 rotates the pin 761 which moves the plunges lift 1

AN
1310 and pinch valve off the tube 758 as shown in Fig. 227. If Fig. 228, the door lever 755

el 759 to lift the plungers

is fully opened and the carriage 760 stops moving. As sho n in Fig. 229, the plunger lift
lever 759 is in a stable over center position that will keep the plunger 1310 off the tube 758
5 whgn the door lever 755 is fully opened.
[00673] Figs 230-233 illustrate an interlock that may prevent the slide occluder
carriage 760 from moving and closing the plungers 1510 and valves 1312 without the door
756 being closed first. [Fig. 230 shows the door 756/open and the release tab 1316 exposed.
‘The interlock pin 1318 is shown in the interlocked position that prevents the slide occluder
10 carriage 760 from moving. A spring 1320 pughes the interlock pin 1318 toward the shid
occluder carriage 760 and engages the interJbck pin in a matching hole when the slide
occluder carriage 760 is in position.
[00674] Figs 231-233 show the seq ence of the door 756 opening and releasing the
interlock pin 1316 by withdrawing the/release tab 1316, As the tab is withdrawn the
15 interlock pin 1318 is pushed toward theflide occluder carriage 760.
[00675] Fig. 234 shows the dog 756 open and the slide occluder 757 being lifted out- -
of the slide occluder carriage 760  The tube 758 is in the narrow section of the slide
occluder 757 that pinches the tubg/758 closed. Fig. 235 illustrates placing the tube 758 into
the pump between the anvil plgfe 1324 and the plunger 1310 and valves 1312, Fig. 236
20  shows the slide occluder 757 ghd tube 758 fully installed in the pump 754, where the slide
occluder 757 is pinching thef/tube 758 closed. Fig. 237 shows the door 756 and the door
lever 755 being shut whichyfslid the slide occluder carriage 760 toward the rear of the pump
754. The movement of ghe slide occluder carriage 760 pushed the slide occluder 757> past

the tube 758 so that theftube is open and rotated the pin 761 that in turn rotated the plunger

]
N

lift lever 759 that relefised the plungers 1310 and valves 1312 to descend and close the tube

758. Tiig. 238 showf a front view of the door 756 being shut.

[00676] Fifes. 239-245 show scveral views of the peristaltic pﬁmp of Figs. 222-238 in
accordance wi ‘h an ‘embodiment of the present disclosure. A motor 2001 rotates gears
30 which in wrf rotates a camshaft 772. As the camshaft 772 rotates, the cams 2003, 2004,
20035, 2006/ and 2007 rotate with the camshaft 772. The cam 2003 engages a cam [ollower
769, whigh pivots along a pivot 763 to move a pinch valve 770. The cams 2004 and 2006

engage fam follows 766 and 765, which pivot along the pivot 763 10 move a plunger 767.
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The cam 2007 engages the cam follower 762 10 move Thc\pin valve 764. Additionally,
the cam 2005 engages a cam follower 768. The cam\Z 05 is shaped such that the
engagement with the cam follower 768 at least partally bal ces the torque (e.g., to reduce
the peak toque). In some embodiments, the cam 2005/ and the cam follower 768 are
optional. The inlet valve 770 (which is a pinch valve), the plunger 767, and the outlet valve
764 (which is a pinch valve) may engage the tube 771 using the three or four stages of
pumping action’ as described above. A bubble senfor 2008 may be used to distinguish
between a bubble and a leaking valve 764 or 770 (e

[00677] The rotation of the cam -shaft 772

£.. pinch valves) as described above.

ay be controlled by the motor 2001 such
that while fluid is compressed by the plunger 747, the outlet valve 764 is opened by a PID
control loop to achieve a target discharge rate/profile (e.g., smoothed out discharge rate) as
measured by the plunger position sensor. Jn some embodiments, a 'rénge of angles only
moves the outlet valve (e.g., outlet pinch vAlve). In yet additional embodiments, in the four
stage pumping action described above, tfe movement of the plunger 767 is closed after the
outlet valve 764 opens to achieve af target discharge rate profile (e.g., smoothed out
discharge rate) as measured by the plynger’s 767 position éensor.

[00678] As is easily seen in vllg. 241, the cams 2002, 2003, 2004, 2005, and 2006 are -
shows as engaging the cam folloyers 769, 766, 768, 765, and 762, respectively. Fig, 242
shows a front view of the peristltic pump including the plunger 767, and the pinch valves
764 and 770 positioned to enggfge the tube 771.

[00679] A standard tuping pump 1000 with an optical monitoring system is shown in
FIG. 251 and 252. The optical monitoring system is comprised of a camera 1010 with a
field of view that may ificlude part or all of the plunger 1004, one pinch valve 1002, a -
portion of the tube 1046, fiducial marks on the pinch valve 1014, fiducial marks on the
plunger 1016, fiducigl marks on the backstop 1018, a light source (not shown) and a light
euide 1012 to illuphinate the surfaces facing the camera 1010. The optical monitoring
system may furthdr additional cameras 1010 with fields of view that include or all of the
plunger 1004, additional pinch valves 1002, a portion of the tube 1006, fiducial marks on
the pin‘ch valvg 1014, fiducial marks on the plunger 1016, fiducial marks on the backstop
1018, a lightfsource (not shown) and a light guide 1012 to illuminate the surfaces facing the
camera 10J0. The optical monitoring system may further comprising one or more rear light

sources 1402, rear light guides 1104 and a transparent plunger 1006 to illuminate the back
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side of the tube 1006 relative to the camera 1010. The camera

)10 and lights may operate
. :

in a range of spectrums {rom ultraviolet to infrared.
[00680] The optical system may further be comprisg “of a processor, memory and.
software that may allow the images to be interpreted to pfovide a range of information on
the status of the pump, tubing and flow that includes buf is not limited to plunger position
relative to the backstop 1005, the pinch valve positiofi relative to the backstop 1005, the
speed and direction of the plunger 1004 and pinchvalve 1002, the presence of the tube
1006, the presence of liquid or gas in the tube 1006/ the presence of gas bubbles in the tube
1006, the presence deformations in the tube 1006/ The processor may further interpret the
information on plunger and valve position to/determine fluid flow rate, presence of an
occlusion in the line,.presence of a leak in the jubing,
[00681] The optical monitoring systeyl recognizes and measures the positions of the
plunger 1004 and valves 1002 relative to e anvil plate 1005. The anvil plate 1005 is the
stationary part of the pump and elsewhre may be referred to as the counter surface or
occlusion bed. The pump controller mAy command the optical monitoring system may take
an image using the caméra 1010 and/front or rear light séux‘ces. A processor located in the-
camera or elsewhere may process tfe image using software to identify the relative distance -
and orientation of the plunger 10( li and valves 1002 relative to the anvil plate 1005. In one
embodiment, the machine visiofi software may identify the elements 1002, 1004 and 1005
and their location within its fi£ld of view through an edge detection algorithin as described
above. The detected edges phay be e assigned to each element 1002, 1004 and 1005 based
the edge location within b field of view. By way of an example, an edge detected in the
up third of the field of vifw may be assigned as the anvil plate 1005, while an edge detected
in the lower left quadrafit mu.y be assigned as the pinch valve 1002 if the camera 1010 is the
on the left hand side ¢

[00682] In arf

valve 1002, plunger 1004 and anvil plate 1005 and their Jocation within its field of view

K shown in Fig. 251.

sther embodiment, the machine vision software may identify the pinch

with fiducial mglks _l()calcd on cach of the elements 1002, 1004 and 1005. Each clement
may iﬁcludc ghe or more fiducial marks that are located within the field of view of the
camera 101/ Fiducial marks will be assigned to each element 1002, 1004, 1005 based on
the region jn the field of view that it is detected. Considering the left hand camera 1010 in
FIG. 251 by way of example, (iducial marks in the lower left region may be assigned as the

pinch vhlve 1002, while fiducial marks in the lower right region may be assigned as the
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plunger 1004 and fiducial marks in the upper regionvn\iam\be agpigned 1o as the anvil plate

1005. A single fiducial mark may allow the optical monitpring system to measure the
relative movement of the pinch valve 1002, and plunger 100 to the anvil plate 1006. More.
than one fiducial mark on a single element may allow the optical monitoring system to
identify elements that rotated in their plane of motion. The processor may signal a warning
or an alarm if one or more of the elements 1002, 1004 /and/or 1005 have rotated beyond an
allowed amount. A significant rotation may indicate/a mechanical break in the pinch valve
I )f_)2 or plunger 1004 or that the camera has rotatedf/within its mounting on the camera door
1020.
[00683] The machine vision software may identify the fiducial elements by matching
a stored template to the image. The vision soffware may be an off-the-shelf product such as
Open Source Computer Vision referred to af OpenCV and available for download from the
internet. The vision software may use the ‘ nction or module TemplateMatching to identify
the fiducial marks from a stored templat
[00684] The machine vision software may then calculate the relative position and
orientation of elements A1002, 1004 4nd 1005 from obserﬁéd location within the camera’s:
field of view and stored ge()memV‘_data of the pinch valve 1002, plunger 1004 and anvil -
plate 1005. The locations and orjentations determined by the machine vision software may
then be passed to algorithms fo identity specific conditions which include, but are not
limited to the following: pingh valve opening, pinch valve closing, plunger at maximum
stroke, plunger at minimunf stroke. Other algorithms may process the machine vision
determined locations and grientation data to determine parameters that include but are not
limited to the following,fplunger speed, fluid flow rate, occlusion in the line, air in the line,
external leaks. These gbnditions and parameters are determined in the same way as they are
determined from haly/effect sensors measuring the location of the plunger 1004 and pinch
valves 1002, which/s described above.

[00685] In

conditions and fdetermine the parameters described above.  In other ecmbodiments, the

other embodiments, the machine vision software may identify the

relative positigh and orientation of the pinch valve 1002, plunger 1004 and anvil plate 1006
may be calcyflated by algorithms outside the machine vision software.
[00686]

machine

The machine vision software or algorithms that process the output of the

ision software may recognize a number of conditions including but not limited 1o
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the following: tubing is not present, tubing is not CO]\’IEC\l]y\RI‘dC d, tubing is empty of fluid,
tubing is full of fluid, tubing is defornied, and a gas bubble is gresent in the liquid.
[00687] The optical monitoring system may calcula ‘the volume of the tube with
fewer assumptions with data from an additional camera 1( 1 mounted at a substantial angle
to camera 1010 as shown in Fig. 252.  The back light A102, light guide 1104 may supply
infrared illumination to the back of the plunger 1004./ The plunger 1004 may be nylon or
similar material that is ﬁansparent to infrared radiafion. ‘The plunger is uncoated in the
field of view of camera 1011 to provide a clear viey of the tube through the plunger 1004 in
the infrared spectrum. A machine vision softwafe package may determine the profiles of
the tube 1006 from camera 1010 and the proffle from camera 1011. An algorithm may
calculate a first thickness of the tube as seen Yy camera 1010 and a second distance as seen
-by camera 101 1. The volume of the tube mgy then be calculated from the two distances and
the known circumference of the tube. comparison of the two distances and the tube
circumference may identify buckling in Ahe tube shape that would significantly change the
volume of liguid in the tube. :
[00688] The volume of fluid i

002 are closed. The shape of the tube 1006 near the

the tube 1006 may depend on the shape taken by the’
filled-tube when the pinch valves

pinch valves 1002 may change After the pump is calibrated duc to a number of factors

o

including but not limited to cifanges in the tubing materials, changes in manufacturing,

changes in humidity and tem rature. The camera 1010 may observe the shape of the tube
1006 near the pinch valve 1)02. The tube may be illuminated with visible or infrared light
from the front or back. An a preferred embodiment, the tube may be illuminated from
behind with infrared ligh{. Here illuminating from behind refers to placing the source of the
illumination on the oppbsite side of the wbe 1006 from the camera 1010.
[00689] In onef/embodiment, the machine vision software may detect the tube shape
using edge detectiof. An algorithm may compare the observed tube shape to a shape stored
in the memory. An one embodiment the algorithm may correct the volume of fluid per
stroke 10 accoyfit for the changed tube shape. In. another embodiment, the algorithm
evaluafing theftube shape may signal a warming or alarm 10 a higher level algorithm. In
another embgdiment, the machine vision software may confirm an acceptable tube shape by
attemptingflo match a template of the accepted tube shape to the image. The machine vision
software Or the next higher level of software control may signal a warning or alarm if an

acceptaple tube shape is not identified.
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[00690] The cameras 1010, 1011 may include @F@T({C (charge coupled device) or
CMOS (Complementary Metal Oxide Semiconductor) chips ¢ convert light into electrical
signals that can be processes 10 generate an image. One exj rhple of a camera is HM(357-
ATC-00MA31 by Himax Imaging, Inc. of Irvine Californif USA. The cameras 1010, 1011
and lights 1012 may be powered on only when taking/measurements in order 1o reduce
power consumption. ,
[00691] The pinch' valve 1002, plunger 1004, thbe 1006 and anvil plate 1005 may be
illuminated from the front. Front illumination refef's to a light source that is on the same
side of the object of interest as the camera 101/ and supplies illumination to the camera
1010 by reflection from the object of intergst. One embodiment to supply front
illumination is comprised of a light bar 1012 that transmits light from LED’s mounted in the
camera door 1020." One embodiment of thg ight bar 1012 is shown in FIG. 253. Light is
supplied to the end surfaces 1032 of thf light bar from LED’s or other light sources
mounted in the camera door 1020. The ffont surface 1030 and back surface (not shown) are
covered with a material that reflects (e supplied light. In one embodiment, the front and
back surfaces are covered with an alufninized tape. Holes 1036 provide a clear field of view ™
for the cameras 1010. The light b'.r may include a surface around each hole 1036 that is
roughened to provide a diffuse Yght that illuminates the front of the pinch valve 1002,
plunger 1004, tube 1006 and afivil plate 1005. The area around the holes 1036 may be
recessed and then roughened t¢ provide more diffuse light.

[00692] It may be adfantageous to provide backlighting or illumination from the
opposite side of the tube 1§06 relative to the camera 1010. Backlighting may allow cléarer
visualization of the tube Ahape and or the shape of the volume inside the tube 1006. One
embodiment pl'aces thef rear .light source on the back of the pump 1000. The rear light
source 1102 may be g LED or other light providing illumination in the ultraviolet, visible
and or infrared range. A light guide 1104 may direct the light to the back of the plunger
1004. The plungef may be made from a material that is transparent to the spectrum of light
emitted by the 1jght source 1102, In one embodiment, the plunger is made from nylon and
the ]ighl sourcd 1102 provides infrared illumination, which the camera 1010 can sense.  In
some embodjments, the backlight may be a plurality of light sources. The plurality of light
sources mak be controlled and/or modulated such that only specific lights are on that are
"necessaryfto illuminate a pixel being exposed. For example, the camera may have a region

of interfst, and only the lights needed to illuminate the region of interest are turned on
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during the exposure time of pixels within the region of i\mgrest In some embodiments. the
lights may be rows and/or columns of lights and/or pixels (;f ights (e.g.. an array of LED
lights). |

[00693] The spectrum of the rear light source 1102 gnd camera 1010 may be selected
{0 maximize the visibility of the fluid in the tube. In onefembodiment, the spectrum may be
broad to provide the maximum light to visualize the tybe. In another embodiment, a set of
filters in front of the rear light source 1102 emits a piarrow range of the infrared spectrum

4 and tube 1006, but is absorbed by the

S—

that passes through the light guide 1104, plunger 1(
liquid in the tube. The light source 1102 may Also emit a narrow range of the infrared
spectrum that passes through the light guide 1£04. In another embodiment, the filters to
allow only the desired band of infrared are in ffont of the camera 1010,

| ACOUSTIC VYLUME SENSING

[00694] The follow discussion defcribes acoustic volume sensing that may be

performed by a processor disclosed heyin with a speaker and two microphones (e.g., a

reference microphone and a variablefolume microphone) ol a peristaltic pump, e.g., a

peristaltic pump disclosed herein; S may be used to estimate liquid within a reservoir

disclosed herein, to estimate an afount of liquid discharged from a reservoir disclosed -
herein, and/or to estimate a liquig discharge rate of a reservoir disclosed hercin. Table 1
shows the definition of various
Term D(;]_inition

Symbols /
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P Pressure .
N

p Pressure Perturbation

1% Volume

v Volume Perturbation

/4 Specific Heat Ratio

R Specific Gas Constant

P Density

Z Impedance

f TFlow friction

A Cross sectional Are:

L Length

a) Frequency

4 Damping ratio

o Volume Rati

Subscripts

0 Speaker/Volume

1 Reterghce Volume

2 ble Volume

k

,

.

P

Table 1.

[00695] The afoustic volume sensor (“AVS™) measures the fluid volume displaced

by the non-liquid sifle of a reservoir in the AVS chamber, e.g.. an acoustic housing or within

with a varjable-volume microphone beyond the acoustic port.
[00696] The volume of air, V2, is measured using an acoustic resonance. A time-
10 varying pressure is established in the fixed volume of the reference chamber, V1, using a
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speaker. This pressure perturbation causes cyclic airflow’in the Acoustic port connecting the
. \\

two volumes, which in turn causes a pressure perturbation jh the variable volume. The

system dynamics are similar to those of a Helmholtz o illator; the two volumes act
together as a “spring” and the air in the port connecting fhe volumes as a resonant mass.
The natural frequency of this resonance is a function gf the port geometry, the speed of
sound, and the variable volume. The port geometry isfixed and the speed of sound can be
found by measuring the temperature; therefore, givgn these two parameters, the variable
volume can be found from the natural frequency/ In some embodiments of the present
disclosure, a temperature sensor is used within the acoustic housing and/or within the non-
~liquid side of a reservoir. In some embodimghts, the temperature is considered to be a

predetermined fixed value, e.g.. is assumed to pe room temperature, etc.

[00697] The natural frequency of thefsystem is estimated by measuring the relative

response of the pressures in the two volumgs to different frequency perturbations created by
the speaker. A typical AVS measuremnt will consist of taking an initial measurement.
The liquid is then released from the lifjuid side of one or more reservoirs and delivered to
the patient (after which a second vofume measurement is taken). The difference between-
these measurements will be the Folume of liquid delivered to the patient. In some
embodiments a measurement wilf'be taken before filling the liquid side of the one or more
reservoirs and/or prior to dischgrging the liquid, e.g., when the syringe pump is preloaded,
to detect any failures of the {1 fidic system.
[00698] An AVS megburement méy occur in accordance with the following acts: (1)
the processor will turn onfpower to the AVS electronics, enable the ADC of the procéssor,
and initialize an AVS alforithm; (2) an AVS measurement consists of collecting data at a
number of dif’fcrcm ftquencies; (3) optionally measuring the temperature; and (4) then
running an cstimatioyf routine based on the collected data to estimate the volume of liquid in
the Tiquid side of a feservoir.
[00699] Tofcollect data at each frequency, the speaker is driven sinusoidally at the
target requency and measurements are taken from the two microphones over an integer
number of wafelengths, e.g., the reference microphone and the variable volume microphone
(as describefl above). Once the data has been collected, the processor disclosed herein
performs gfdiscrete Fourier transform algorithm on the data to turn the time-series data from

the micrgphones into a single complex amplitude. Integrity checks are run on the data from
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the microphones to determine if the data is valid,\e.\g., the response is within a
predetermined phase and/or amplitude range of the acoustic frgquency.

[00700] The frequency measurements are taken at a inber of different frequencies.
This sine-sweep is then used by the estimation routine fo estimate the variable volume.
After the estimation is complete, other integrity checks fs may be performed on the whole
sine sweep, including a secondary check by a processodisclosed herein.

[060701] In some embodiments, after the a pfocessor disclosed herein verifies the
measurement integrity, the volume estimates are fi
[00702] AYVS Resonance Model-

[00703] The governing equations for t

lized and the sensor is powered off.

e AVS system can be found from first-
principles given a few simplifying assumptiofis. The system is modeled as two-linearized

acoustic volumes connected by an idealized Acoustic port.

[00704] - Modeling the Acoustic Vofumes
[00705] The pressure and volume Af an ideal adiabatic gas can be related by Equation
(35) as follows:

[00706] PV =K (35),
[00707] where K is a congtant defined by the initial conditions of the system.

Fquation 1 can be written in teryfs of a mean pressure, P, and volume, V, and a small time-

. ; t ! . AN
dependent perturbation on top pf those pressures, P ) v(1) as illustrated in Tiquation (36)

as follows:
7 P
[00708] (P+ p(l)) +1-(r)) =K (36).
[00709] Different' ting Equation (36) results in Equation (37) as follows:
. 14 r-i .
(00710] p(O(Vrv(D)) +¥(V+v(r)) (P+p(1)¥(1)=0 37).
[00711] - FEquafion (37) simplifies to Equation (38) as follows:
P+p(1) v
[00712] vv(n) (38).
[00713] f the acoustic pressure levels are much less than the ambient pressure the

Equation(38) can be further simplified to Equation (39) as follows:

) yP .
plO)+=—v(1)=0
[00714] 4

[00715

(39).

Using the adiabatic relation. Equation (40) can be shown as follows:
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_Ii_[P—Fp(f)\](P+p(l)j_L}] \\
[00716] vove P (40). ’
[00717] Thus, the error assumption is shown in Equagion 41 as follows:

_r

error =l—[-———-—P+p(I)j ’
[00718] | A 1)
[00719] A very loud acoustic signal (e.g., 1204B) would correspond to pressure sine

wave with amplitude of roughly 20 Pascal. Assumyng air at atmospheric conditions has the
parameters of 7:]'4_ and P =101325Pa (he fesulting error is 0.03%. The conversion

* from dB to Pa is shown in Equation (42) as follpws:

A ":'-720]0gm £—~p”’” J .
[00720] : 1% ref or P s

P, 107 @),
=20- uPa
[00721]  where P =20 P4
[00722] Applying the ideal gas aw,? - PRT , and substituting in for pressure gives
the result as shown in Equation (43) as follows:
RTp .\ /.

3 (1) + L2 L5 () fo
[00723] 4 (43). ,
[00724] This can be wiftten in terms ol the speed of sound in Equation (44) as
follows: v A
[00725] a=NIRT fagy
[00726] And, subsfituting in Iquation (44) in Equation (43) results in Lquation (45)
as follows:

p(1) vir)=90
[00727] 4 (45).
[00728] Acpustic impedance for a volume is delined in Lquation 46 as follows:

p(f) 3 1
v \ ( 1) [ Vv J
5 3y

[00729] P (46).
[00730] Modeling the Acoustic Port

[00731]

essentiglly moves as a rigid cylinder reciprocating in the axial direction. All of the fluid in

The acoustic port is modeled assuming that all of the fluid in the port
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fAnnel is assumed to be of

o

the channel is assumed to travel at the same velocily,\the
~

constant cross section, and the end effects resulting from the fluid entering and leaving the

channel are neglected.

[00732] If we assume laminar flow friction of the form P =/ PV the friction force

acting on the mass of fluid in the channel can be wiftten: F=fpAX A second order

differential equation can then be written for the dyphamics of the {luid in the channel as

- shown in Equation (47) as follows:

[00733] pLAY = ApA— [ pA*E (47,

[00734] or, in terms of volume flow rate g& shown in Equation (48) as follows:
V=——v+Ap—

[00735] - L PL (43),

[00736] -  The acoustic impedance of the channel can then be written as shown in

Fiquation (49):

“p _'—_.‘
[00737) LN L)
[60738] System Transfer Fynctions
[00739] Using the volume And port dynamics define above, the AVS system can be

. pa

Py v, =
[00740] Yo (50,

p,+ﬁ‘;5 b =¥ )=0
[00741] YA (51),

pot v =0
[00742] : (52), and

A A

¥, —l;—v,*—z(m-pl)

[00743] - P (53).

[00744] Jne equation can be eliminated if py is treated as the input substituting
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2, + pa v o={) AN

[00746] € (55), and
fA A

V==tV — P, ———
[00747] L= pL Pl (56).
[00748] The relationship between the two volumey on each side of the acoustic port is

referred to as the Cross Port transfer function. This ylationship is illustrated in Equation

(57) as follows:

a

2 @,
0749] P S H260sTE (57
_@AL
(00750]  where  © V2 and @,
[00751] ~ This relationship has the adfantage that the poles are only dependent on the

variable volume and not on the referencg volume. Note that the resonant peak is actually
due to the inversion of the zero in th¢ response of the reference volume Apressure. This
means that that pressure measuremernf in the reference chamber will have a low amplitude |
in the vicinity of the resonance which may influence the noise in the measurement.

[00752] Resonance Q Factpr and Peak Response

[00753] The quality of thf resonance is the ratio of the energy stored to the power

loss multiplied by the resonantffrequency. Tor a pure second-order system the quality factor

[00754]

[00755] The ratif of the peak responsc to the low-frequency response can also be

=
[00756] I NS4 (60,
[00757] T'his will occur at the damped natural frequency @i = a)"\/l—:z .
[00758] Electrical and Mechanical analogies
[00759] The acoustic resonator is analogous to either a spring-mass-damper system
or a LR(/ circuit, ¢.g., a resistor, inductor and capacitor coupled together in serics, for

Computing the complex response
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[00761] To implement AVS, the system must gu\th\c rglative response of the two

microphones to the acoustic wave set up by the speaker. Thjf is accomplished by driving
the speaker with a sinusoidal output at a known frequency; the complex response of each:
microphone is then found at that driving frequency. Finglly, the relative responses of the
two microphones are found and corrected for alternating sampling of the analog-to-digital
converter coupled to the a processor disclosed herein.
[00762] Tn additidn, the total signal variancg is computed and compared to the
variance of pure tone extracted using the discrete [ourier transform (“DIFI™). This gives a
measure of how much of the signal power comesArom noise sources or distortion. In some

embodiments of the present disclosure, this vAlue can be used to reject and repeat bad

measurements. ,
[00763] C6‘fnputing the Discrete Foyrier Transform
[00764] The signal from each micrg/phone is sampled synchronously with the output

to the speaker such that a fixed numbfr of points, N, are taken per wavelength. The
measured signal at each point in the/wavelength is summed over an integer number of
wavelengths, M, and stored in an agfay x by an interrupt service routine (“ISR”) in the a’
processor disclosed herein after all fhe data for that frequency has been collected.
{00765] A discrcte Fourigh transform is donc on the data at the integer value
corresponding to the driven frefjuency of the speaker. The general expression for the first

harmonic of a DFT is as folloys in Equation (61):

Z,\fne N
[00766] =0 6
[00767] The prodfict MN is the total number of points and the factor of 2 is added

sine wave illustrated fin Equation (62):

o]

, . o
X re(xk)C()S[ﬂkn}+im(,g )sin (f—zlmj
[00768] N N 6.
[00769] Ahis real part of this expression is illustrated in Equation (63):
' 2 N i)
re(x) = —‘—-——Zx” cos(inj
[00770] MN = N7 (63).

[00771] ‘We can take advantage of the symmetry of the cosine function o reduce the
numberof computations needed to compute the DFT. The expression above is equivalent to
Lquatjon (64) as follows:
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2 W g
re(x) = (xo XLN)+ sin (—2———11)[(* Mr) (xl‘i\,_n - Xn_, )]
[00772] B ¢
64). '
[00773] Similarly, the imaginary. portion of the efjuation is illustrated in Equation

(65) as follows:
.2

N-1 27[
im(x) =— Z X, sin (—— n)
[00774] MN = N (65),/which may be expressed as Equation

(66):
im(x)‘ = —__2___ Xy = Xapy mn| —n x, ——x%NH "‘(Hv,n —Xy_, 1
MN
[00775] 6
6). _
[00776] "The variance of the signal g that driven frequency is illustrated in Equation

(67) as follows:

fone

o’ :l(re(x)2
[00777] 2
[00778] The tone variance ' 3 proportional to the acoustic power at the driven
frequency. The maximum possibje value of the real and imaginary portions of x is 2" this
corresponds to half the A/D range. The maximum value of the tone variance is 2" half the
square of the AD range.
[00779] Computing tjie total signal variance
[00780] A good meghure of the integrity of a measurement is the ratio of the acoustic
power at the driven fregfiency relative to the total acoustic power at all frequencies. The

total signal variance is given by the expression in Equation (68):

MN-1 MN-1 My-1 OV
2 ] ES- N N X .
O—mm.’ M z pn ]7 ;— NM Z ]),, NM Z 17,, l
[00781] n=0 ' n=0 w=0 /7 (68).
[00782] Hofvever, in some specific embodiments, the summations are performed in

the A/D interrupt service routine (ISR) where there .are time constraints and/or all of the
microphone dfta must be stored for post-processing. In some embodiments, 1o increase
efficiency, af pseudo-variance is calculated based on a single averaged wavelength. 'The
pscudo-vafance of the signal is calculated using the following relation illustrated in

Equationf(69) as follows:
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[00783] n=0 #=0 (69).
[00784] The result is in the units of AD counts squafed. The summation will be on

N-] .

> =0(NM*2*) ; ’
the order of »=0 for a 12-bit ADC. If [V <2 =128 apnd M <2" =64 tpen

. . 43 . . .
the summation will be less than 2 and can be storefl in a 64-bit integer. The maximum

possible value of the variance would result if the APC oscillated between a value of 0 and
_(212 )3 —92

dult in a peak variance of 4 50

[00785] Cqmputing the relative micrgphone response

[00786] = The relative response of the fwo microphones, G, is then computed from the

. G = Ko _ Kow
[00787] Y et Pt (70)
Re(G)= Re(x,,, JRe( ,_Cf2+ Im (x,, )}111(,x,,(f)
[00788] Reff,, ) +1m(x,, ) .
Im(G) = Re(x,) m(,x,,_‘,,_?) —Re(x,, )3lll(~‘"x»1f)
[00789] e(x,) +1m(x, ) .
[00796] The denomipator of either expression can be expressed in terms of the

reference tone variance cgfmputed in the previous section, illustrated as follows in Equation

73:
Re(x /) +Im(x,, ) =207,
[00791] o (5 ) =200 (53,
[00792]  Coryecting for A/D Skew
[00793] Th¢ speaker output may be updated at a fixed 32 times per sample. For

example, as the flriving frequency is changed, the speaker output frequency is also updated
to maintain thf fixed 32 cycles. The two microphones arc sampled synchronous with the
speaker outfut so the sampling frequency remains at a fixed interval of the driving
frequency./ The microphone A/D measurements, however. are not sampled simultancously;
the A/D /ISR alternates between the two microphones, taking a total of N samples per

waveleffeth for each microphone. The result will be a phase offset between the two
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relative frequency response computed in the previous sectior

/4
[00794] To rotatc a complex number an le N it is multiplied by

eF =cos(£)+isin(£) .. - o
N AN The result is illustrated in Eqyfation (74) as follows:

[00795] Gres = (Re(G)cos () ~Im (G )sin (&) +(Im (G )eos (%) +Re (G )sin () )i
(74).

v [00796] Time Delays

[00797] In some embodiments, onc of the assumptions when deriving the AVS

acoustic volumes. This assumption is true if
the acoustic wavelength is large compared to the dimensions of the AVS chamber. The
wavelength of a sound wave at a giveyf frequency can be computed with the following

Equation (75):

a
/1 = —
[00798] I as).
[00799] For example, the favelength at 1 kHz is roughly 246 myn and at 5 kHz is

roughly 49.2 mm. The AVS/chamber may have a diameter such that the time delay
associated with acoustic wav>s lravcling through the volumes has a small but measurable
effect.  The effect can bef modeled as a time delay (or time advance, depending on
microphone orientation). fThe Laplace transform of a pure time delay, d, is illustrated in
Equation (76) as follows |
[00800] G=e
[00801] The

response. To corrget for the time delays, the frequency response data may be corrected in

ase is influenced by the time delay, but not the magnitude of system

advance by applfing a model (it algorithm. The complex amplitude may be rotated as a
function of freduency according the time delay equation ahove. The time delay may be
assumed 1o b¢f fixed, so the rotation is only a function of frequency.

[00802]

the time

The time delay may be determined by running an optimization routine to find
lay to minimizc the model fit error.  Additionally or alternatively, there may he

an appafent “time advance” in the data. For example, the reference microphone may
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experience a pressure perturbation slightly in advance of Thg acpustic port and the variable
microphone may experience a pressure perturbation slightly behind the acoustic port. These
“advances” and “delays” may be the effects of the propagafion of the pressure waves and-

are in addition to “resonant” dynamics of the system, e.g/ these effects may be accounted

for.
[00803] Amplitude Leveling
[00804] The amplitude of the pressure measurgiments for a given speaker drive signal

may vary from device-to-device and also as a functjon of the driven frequency. The device-
to-device variations result from part-to-part differences in microphone and spcakef
sensitivities (e.g., roughly on the order of +/- # dB). The frequency-based dependencies
result from variations in speaker sensitivity gver frequency as well as from the expected
dynamics of the éébustic resonance.

[00805] To compensate, in some gmbodiments, the speaker gain.is automatically
tuned during the AVS measurement. e speaker gains are stored in an array with one
entry for each of the sine-sweep freqyencies, e.g., within the memory 22 of Fig. 2. The
amplitude of the microphone signal (from either the variable or reference microphone) may
be checked against the target amplifude. If it is either too large or too small a binary search
routine may be employed to updaj the speaker gain at that frequency.

[00806] Checking indiviflual measurement integrity

[00807] It is possible fi A component errors, failures, or external disturbances to result
in an erroneous measuremenf. Component failures might include a distorted speaker output
or failed microphone. Extfrnal disturbances might include mechanical shock to the pump
housing or an extremely/loud external noise. These types of failures can be detected using
two different iﬁlegrily ecks: microphone saturation and out-of-band variance.

[00808] The nficrophone saturation check looks at the maximum and minimum
values of the wavelgngth averaged signal for each microphone. If these values are close to
the limits of the AfD then a flag within the a processor disclosed herein is set indicating that
the measuremet amplitude was out of range.

[00809] I'he out-of-band variance check compares the tone variance to the total
signal varianle for each microphone. In the ideal case the ratio of these signals will be 1--
all of the Acoustic power will be at the driven frequency. In the event of shock or an

loud external acoustic noise, more power will be present at other frequencies and
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this value will be lower than unity. In some em&ﬁmems, normal operation may be
considered to have a ratio greater than 0.99.
[60810] In some embodiments, if an individual dafa point fails either of these.
integrity checks, it may be repeated or excluded without flaving to repeat the entire sine-
sweep to help facilitate AVS robustness. Other integrity cheéks may be done based on the
complete sine-sweep and are described later.

[00811] Volume Estimation using Swept SingfGeneralized Solution
[00812] The resonant frequency of the systgm may be estimated using swept-sine
system identification. In this method the responge of the system to a sinusoidal pressure

~ variation may be found at a number of different/frequencies. This frequency response data
may be then used to estimate the system transfgr function using linear regression. |

| [00813] The transfer function for the fystem can be expressed as a rational function

of s. The general case is expressed below f0r a transfer function with an n" order numerator

h

and an m" order denominator. N and D are the coefficients for the numerator and

denominator respectively. The equglion has been normalized such that the leading

coefficient in the denominator is 1, asfillustrated in Equations (77) and (78):

G(s) _ N, s" + bn_ls"'l +..+N,
T mff] =2
[00814] . s+ Dm—l's + D,”_QLS +...+ DO (77)
[00815] or
G(s)=
[00816] (78).
[00817] This eqyftion can be re-written in the form of Equation 79 as follows:
n m=1
Z Nksk - GZ D,\.Sk
[00818] k=0 =0 » (79).
[00819] ation (80) shows this summation in matrix notation:
:_ Nl7
1 S.]" e S.IO —GI.SI’""' e Sl') v,
= :
| o E D,
st s G e G
D()

- - (80).
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[00821] Where k is the number of data points\co{ec d in the swept sine. To
simplify the notation this equation can be summarized using the vectors y illustrated in
Equation (81).
[00822] y=Xe g1,
5 [00823] Where v is k by 1, x is k by (m+n-1) and / is (m+n-1) by 1. The coefficients
can then be found using a least square approach. e error function can be writlen as
shown in Equation (82):
[00824] e=y=Xc (g2). |
[00825] The function to be minimized is tife weighted square of the error function; W

10 is a k x k diagonal matrix, as illustrated in Equafions 83-84.

e"We =(y—-Xc) W(y-Xc

[00826] (83).
008271 We =y Wy ~(y"WXc) oy WXc+c" X WXe 5,
[00828] The center two terms gre scalars so the transpose can be neglected, as
illustrated in Equations 85-87: o

Tz, — T 9T TN .

y T

de We _ o xwyle 2X™WXe =0
[00830] dc (86), and

-1/ .

= X WX "Wy
[00831] c={ ) W s,
[00832] In some embodiments, the complex transpose in all of these cases is utilized.

This approach can result jn complex coefficients, but the process can be modified to ensure
20 that all the coefficients gre real. The least-square minimization can be modified to give only
real coefficients if the£rror function is changed to Equation (88).

¢'Wel=Re(y—Xc) WRe(y—Xe)+Im(y=Xe) Wim(v-Xc)

[00833] (88).
[00834] Thén the coefficients can be found with the Equation.(89):
- . -1 Ps o
- L= (Re(X) WRe(X)+Im(X) Wim(X)) (Re(X) WRe(y)+Im(X) Win(y
008351 (Re(x)"W Re(X)+1m (X)W 1 (X)) (Re(X )W Re( ) + (X ) W In())
25 (89).
[00836] Volume Estimation using Swept Sine-Solution for a 2™ Order System

[00837]

shown i

. h .
For a system with a 0™ order numerator and a second order denominator as

the transfer function illustrated in Equation (90).
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N ™
G(s)=m— N
[00838] SHDSTDy (o), _
[00839] The coefficients in this transfer function/can be found based on the

[00840]
(92).
[00841] Where Equation (93) is as follows:

Gs; 1 -Gs, -G, N,

y=| X =|: : : c=| D

G5t -G,s .
[00842] ] UL -G cand Do) (93).
[00843] To simplify the algorithm wg can combine some of terms as illustrated in

Equations 94-96:

[00844] c=D"b (94,
[00845] where
T T

(00846] D= Rt(,X) W Re( . +Im(X) Win(X) 95). and

PRV . T
[00847] b=Re(X) WRe(fy)+Im(X) WlIm(y) 96).
[00848] To find an exprgfsion for D in terms of the complex response vector G and
the natural frequency we first split X into its real and imaginary parts as illustrated

2 Im(Gl) _Re(Gll)

o, Im(G,) -Re(G,)

[00849] (97, and
0 -Im(G,)

Im(X)=|: :
0 ~Im(G,) 98).

[00850] The real and imaginary portions of the expression for D above then become

Equations (99) and (100), respectively:
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k k . k
>w, > w Im{G)@, "\ -> " w, Re(G,)
i=] i=] i=]
r k k F k ’
Re(X) WRe(X)=| > w,InG)m > w Im(G) @ => w,Im(G,)Re(G)) @
i=l =} i=J .
k » k . k
—> w,Re(G) =Y w;Im(G)Re(fi)@ > w,Re(G,)’
i=l i=! i=l i
(99), and
0 0
ok 3
Im(X) Win(X)={0 Y wReG)Ya D wImG)Re(G)w;
i=l i=l
k k
, | 0 > whAm(G)Re(G)@ > w,Im(G,)*
[00851] - =1 .
(100).
[00852] Combining these terms gfves the final expression for the D matrix. 'This
matrix will contain only real values, as ghown in Equation (101) as follows:
B k k. o k . 7]
>w, > w, Im(G) > w; Re(G)
i=l =l i=l
k k
D= >wImG)g D w (Re(G) +Im(G) )’ 0
i=l i=]
k k 5
> w,RefG)) 0 3w, (Re(G,)” +1m(G)*)
[00853] L= =l ]
(101).
[00854] The same gpproach can be taken to [ind an expression for the b vector in

terms of G and @, The

*RQ(GI )6‘)12
: Im(y) =|

[00855] . L
[00856] C

(102), and

Equation 104 af follows:
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al and imaginary parts ol y are illustrated in Equation 102-103.

rlm(_Gl)wf

(103).

mbining these two gives the expression for the b vector illustrated in
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-
- L\\ -
-> W Re(
i=l
b=Re(X) WRe(y)+Im(X) Wim(y)= 0
k
w, (Re(G)J +Im(G,)* ) |
L= - (104).
[00857] The next step is o invert the D mayfix. The matrix is symmetric and

positive-definite so the number of computations needed to find the inverse will be reduced
from the general 3%3case. The eeneral expresfion for a matrix inverse is shown in

Equation (105) as:

D= adj(D)
[00858] de(D) (105).
[00859] If Dis expressed as in Equatign (1006):
Clll 6112 d]
D=\d, d,, 0
[00860] dhy 0 dy
[00861] then the adjugate matyfx can be written as in Equation (107) as follows:
I d, 0| ld, dy|]
d, dyi |ds; O
a, a, a
, dy, ds dy, d, v
adj(D) = =la, G, dy
dy di d; O -7
Gy Uy Uy
CII 1 Cll3 dll [[12
l 2 O l a 1’)') . -
[00862] Lf 1% ‘i ‘ol ] (107).
[00863] Due to symmetry, only the upper diagonal matrix needs to be calculated.

The Determinant can fhen be computed in terms of the adjugate matrix values, taking

advantage of the zeyb elements in the original array as illustrated in Equation (108) as

follows:

[00864] def( D) = a,5d 5 + aodlsy (108).

[00865] 7ina]Ty, the inverse of D can be written in the form shown in Equation (109):
pt=_! adi{D)

[00866] det(D) (109).

[00867] In some embodiments, we may solve the value in Equation (110):
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-
™
1 _ N
c=D"b=——adj(D)b N
[00868] det(D) (110);
[00869] So that Equation (111) is used:
l H” al2 013 bl l llbl + al?»b}
= a, a, ay| 0= a,,b, + a,,b,
det(D)| ~ - det(D) b+ b
[00870] ;3 dzp Ay 3 [ 430 T 4530, (111)’
[00871] To opt a guantitative assessment of pow well the data fits the model, the
£ q

original expression for the error as shown in Equatibn (112) is utilized:

r = Re{v— 3 ¢ ’— ) y— X 4 ) — X ¢ :
[00872] e We__Rc(;_ Xe) WRe(y—Xg+Im(y—Xc) Wlm(y—Xc) (112)
[00873] This can be expressed in termys of the D matrix and the b and ¢ vectors

iltustrated in Equation (113):

[00874]  ¢We=h—2c"b+c"De () / )
[00875] where: _
: = TV ; . 7 1
[00876] h Re()_ )WRe())+ n() )W m(y) (114), and
k .
n=>"w(Re(G) +Im(G)* ) &
[00877] e _ (115).
[00878] In some embodirfents, to compare the errors from different sine sweeps, the

fit error is normalized by the sguare of the weighted by matrix as follows in Equation (116),
where /1is a scalar:

e Welh™ =(i-2c"b+ CTDC)]l_l

[00879] (116).
[00880] Volume Jstimation using Swept Sine-Estimating volume
[00881] The moflel fit may be used such that the resonant frequency of the port may

be extracted from thyf sine sweep data. The delivered volume may be related to this value.
The ideal relationghip between the two can be expressed by the relation illustrated in

Equation (117):

' , a'A 1
[00882] LVaaay.
[00883] The speed of sound will vary with the temperature, so it is useful to split out

the tempejfature effects as shown in Equation (118):
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"LV, | ~
[00884] = 72 (118).
[00885] The volume can then be expressed as a funftion of the measured resonant

frequency and the temperature, illustrated in Equation (11%) as follows:

V,=C 12
[00886] @i (119).
[00887] Where C is the calibration constant illfstrated in Equation (120) as follows:
RA
c=1"2
[00888] Lo (120).
[00889] Volume Estimation using Sjvept Sine-Volume estimation integrity
checks
[00890] In some embodiments, a secgd set of integrity check can be performed out

of the output of the mode it and volume gstimation routines (the first set of checks is done
at the FFT level). Checks may be dpne either through 1'edundancyvor» through range
checking for several values, such as: f1) model fit error, (2) estimated damping ratio, (3)
estimated transfer function gain, (4f estimated natural ﬁ'e(juency, (5) estimated variable
volume, and (6) AVS sensor tempeyature.

[00891] In addition, portiofis of the AVS calculations may be done redundantly on
the a processor disclosed hefein using an independent temperature sensor and an
independent copy of the cali>.ration parameters to guard against RAM failures, in some
Specific embodiments.
[00892] Volume Esfimation using Swept Sine-Disposable Detection

[00893] The presgnce of the disposable, e.g., cartridges or reservoirs that are
attachable, may be defected using a magnetic switch and mechanical interlock, in some
specific embodimenty. However, a second detection method may be used to 1) differentiate
between the pump Jeing attached to a disposable and a charger, and 2) provide a backup 1o
the primary detecjion methods.

[00894] 1f the disposable is not present, the variable volume, V», is effectively very
la'r'ge. As a rglult, there will be a normal signal from the reference microphone, but there
will be very litlle signal on the variable microphones. If the mean amplitude of the
reference fhicrophone during a sine sweep is normal (this verifies that the speaker is
working)fand the mean amplitude of the variable microphone is small, a (Tag is set in the a

processhr disclosed herein indicating that the disposable is not present.
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[00895] Implementation Detalls Sizing V1 Relativ c to ¥2

[00896] Sizing Vy may include trading off acoustic vo] me with the JL]dnw posmon
of the poles and zeros in the transfer function. The transfer, ’unction for both V; and V; are
shown below relative to the volume displacement of the speaker as illustrated in Equations

121-124, as follows:

p, __pa’ @,
[00897] v WS staw) gy hg
p_ pad s +20w s+ ow,
[00898] v, V, S+2astar (12
[00899] where |
a)f':az‘ Lo A a:/l+y?—]
[00900] V.o 2L (iofyana N 124)
[00901] As V is increased the gafn decreases and the speaker must be driven at a

higher amplitude to get the same souyfd pressure level. However, increasing Vj has the
benefit of moving the complex zeros/in the p; transfer function toward the complex poles. .

V, 00

In the limiting case where then @ =1 apd you have pole-zero cancellation and a

flat response. Increasing V, therffore, has the reduces both the resonance and the notch in

the p, transfer function, and mgves the p, poles toward & : the result is a lower sensitivity
to measurement error when cgflculating the p./p; transfer function.

[00902] Implementagion Details-Aliasing

[00903] Higher freuencies can alias down to the frequency of interest. The aliased

frequency can be expresped in Equation (125) as follows:
oosoa; /= oy,
[00905] | Whefe J; is the sampling frequency, J2 s the frequency of the noise source,

i1 is a positive infeger, and f is the aliased frequency of the noise source,

[00906] The demodulation routine may filtér out noise except at the specific
fréquency of fhe demodulation. If the sample frequency is set dynamically to be a fixed
multiple of fhe demodulation frequency, then the frequency of the noise that can alias down

to the defnodulation frequency will be a fixed set of harmonics of that fundamental
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.
[00907] For example, if the sampling frequency., \13 times the demodulation

frequency then the noise frequencies that can alias down to thyl frequency are

VY S N U VY R S B R
[00908] [ \nB+1np-1 1_7’9"]5’]7»23,?

_Jo_q
=izt _
[00909] where / (127). For p=16 w¢ would have the series
L{LLLL}
ooto) S US 1731350 gy,
[00911] Sources of Avs Measurément Erfor-Avs Chamber Movement
[00912] In some embodiments, one of (e assumptions of the AVS measurement is

that the total AVS volume (V; plus the volyfme taken up the by the other components) is

oz

constanl. However, il the AVS housing flgfxes the total volume of the AVS chamber may
change slightly and affect the differential/volume measurement. In some embodiments, to

keep the contribution of the volume errof is kept to be less than 1.0% of the fluid delivery.

[009].3} Sources of Avs Measufement Error-External Noise
[00914] In some embodiments/ external noise sources may be filtered out.

[00915] Sources of Avs Me, {surement Error-Mechanical Shock
[00916] Mechanical shockfto the pump housing during an AVS measurement will
affect the microphone measuref/nents and may result in an error in the frequency response
data. This error, however,/is detectable using the out-of-band variance check in the
demodulation routine by thf a processor disclosed herein. If such an error is detected, the
data point can be repeateyl (e.g., another sample is taken) resulting in little or no effect on
the resulting AVS measyrement. |
[00917] Sourced of Avs Measurement Error-Air in the AVS Chamber

[00918] A meghanism for an air bubble to affect the AVS measurement is through a
sccondary resona This secondary resonance will make the system 4" order and,
depending on th¢ frequency and magnitude of the secondary resonance, can cause some
error if-the estiphation is using a 2" order model.

[00919]
[00920]

increased flarmonic distortion. In cither case the fault would be detected by AVS integrity

Sources of Avs Measurement Error-Electrical Component Failure
In general, failure an electrical component will result in no signal or in
d the measurement invalidated.

checks ¢
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[00921] The one exception that has been identFie\d\i§ a fyftlure of the oscillator used
to control the DAC and ADC. If this oscillator were to (?1 1 out of tolerance it would
introduce a measurement error that would not be detected b the low-level integrity check -
(it would be detected in an extreme case by the volume igfegrity checks described above).
To guard against these failures, in some embodiments, tfie oscillator is checked against an
independent clock whenever an AVS measurement is inftiated. »
' L-Shaped Cam Follower Peyistaltic Pump
[00922] IMigs. 255-302 show another embodindent of a peristaltic pump 2990.
[00923] Fig. 255 illustrates a peristalti

mechanism 3000, display 2994, buttons 2996, chassis 2992, and clamp 2998. The chassis

pump 2990 comprising a pumping

2992 includes an extension 2992A above the gumping mechanism 3000 that deflects liquid
away {rom the inside of the mechanism.
[00924] Figs. 256A-B illustrate a peristaltic pumping mechanism 3000 having L-
shaped cam followers 3090, 3101, 311(/(see Fig..274) in an exploded view. A housing,
composed optionally of two halves, 30¢5, 3010 provides a mounting for a cam shaft 3080, a
main PCB 3002, a cam-follower sh»
3010A to mount a door 3020. Thefwo halves 3005, 3010 may be an upper half 3010 and a -
lower half 3005. 'The sensor housjhg 3015 may mount to the housing halves 3005, 3010 and
provide an attachment point to £ sensor mount 3060 and a rotation sensor board 3130 (Fig.
257). An air-in-line detector 066 (see Fig. 257) and a pressure sensor 3068 (Fig. 257) may

be attached to the sensor mopant 3060.

[00925] Fig. 257
followers 3090, 3101,

llustrates the pumping mechanism 3000 having L-shaped cam
110 (see Fig. 274) with the door assembly 3021 fully open and the
infusion line 3210 apfll slide occluder 3200 mounted in the door 3020. The door assembly
3021 is mounted tof the housing halves 3010, 3005 via two hinges 3010A and a hinge pin
3012 (Iig. 258). /In the open position, the door assembly 3021 may provide convenient
recciving clemepits, which may serve to locate an infusion linc 3210 on the door asscmbly
3021. The ibceiving elements may locate the infusion line 3210 so’ that it properly
interfaces oiflines up with the sensors and active elements of the peristaltic pump 2990. The
sensors myly, for example, include a pressure sensor 3068 (Fig. 257) and/or an air-in-line
sensor 3066 (]'5ig. 257). The active elements may include, for example, the plunger 3091,

Alve 3101 and oullet valve 3111 (Fig. 260). The receiving elements in the door 3020
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may include one or more of the following: grooves in 1hé»d{)or 3020K (see Fig. 259), clips
3062A (Fig. 257), clip inserts 3024 (Fig. 257), platen 3027 (Fig. 257, 259). The clips
3062A (Fig. 257) and 3024 (Fig. 257) may be fabric: Ld out of any suitable, non-
deformable, non or minimally compliant material. The c¢}ps 3062A are preferably molded
from plastic such as nylon, but many other materials inclfiding ABS plastic, aluminum, steel
or ceramics may be used.
[00926] The door rassembly 3021 (Fig. 257) mfay include a receiving element for the
slide occluder 3200. The slide occluder 3200 receifing elements in the door assembly 3021
may hold the slide occluder 3200 in position Ao that the slide occluder 3200 enters é
i£. 265). Some of the slide occluder 3200
receiving elements may include features thaf prevent the infusion set from being loaded
incorrectly. In one embodiment, door split £arriage 3040 includes a slot to receive the slide
occluder 3200 and hold it perpendicular tofthe infusion line 3210 as the door assembly 3021 |
is closed against the pump body 3001./The slide occlude 3200 may include tabs 3040C
(FIG. 259) that allow the slide occludfr 3200 to only be inserted such that cutouts 3200A
(Fig. 261) line up with tabs 3040C (J1G. 261). In another embodiment, the door 3020 may
include tabs 3020F (Fig. 262, 263/ that allow the slide occluder 3200 to only be inserted V
such that cutouts 3200A (FIG. 261) line up with tabs 3020F (FIG. 262). The door 3020
(FIG. 257) may include tabs 3f20D (Fig. 259) that prevent the slide occluder 3200 (Fig.
257) from being inserted with the tab 3200B (Fig. 261) toward the door assembly 3021
(FIG. 257). The tabs 3020F/located on the door 3020 and/or on the door-split-carriage 3040
(FIG. 257) may allow thefslide occluder 3200 to be inserted in only one orientation and
thereby force the correcjf orientation between the infusion set and the pumping mechanism
3000. The plélen 3092 (Fig. 257) receives the infusion line 3210 and provides a general
“U” shape to constrafn the infusion line 3210 as a plunger 3091 deforms the infusion line

3210 during pumpige.

[00927] Figl 264 illustrates, in an exploded view, the door assembly 3021 including
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as spring-steel. The flat spring 3032 may be pressed \agﬁngl the/door 3020 by the latch pin
3034 as the lever 3025 grips the body pins 3011 (Fig. 29’7)\ n the pump body 3001 and
draws the latch pin 3034 toward the pump body 3001. Thel tch pin 3034 moves along slot.
3020C in the door 3020 as the latch hooks 3025C engage th€ body pins 3011,

[00928] Fig. 265 illustrates the peristaltic pump £990 (Fig. 255) having L-shaped
cam followers 3090, 3101, 3110 (see Fig. 274) with th¢ door assembly 3021 open and the
lever 3025 retracted. The main PCB 3002, which incfudes the control processors and some
sensors is shown attached to the top of the upper Jousing 3010. A motor 3072 and gear
head 3070 are shown in position at onc end of thefupper housing 3010. The rotation sensor
assembly 3130 mﬁy be mounted on the lower hofising half 3005. The pump body 3001 may
comprise housing halves 3005, 3010, the rotatfng, and reciprocating mechanisms inside the
housing halves 3005, 3010, the motor 3072 gnd gearbox 3070, the sensors and the structure
in which the above mount.
[00929] Fig. 260 illustrates the pfristaltic pump 2990 (Fig. 255) having L-shaped
cam followers 3090, 3101 3110 (see/fFig. 274) with the door 3020 open and the upper :
housing 3010 and other elements repfoved to reveal the cani-shaft 3080, the plunger 3091 -
and valves 3101, 3111, The mot zxj 3072 drives the cam shaft 3080 through the gearbox -
3070. The motor 3072 may haye a drive shaft whose the speed and/or position can be
controlled. In one embodimefit the motor 3072 is a brushless” DC servo-motor 3072
confrolled by a motor controlfer 3430 (see FIG. 325B) that may be mounted on the main
PCB 3002. In alternative empbodiments, the motor 3072 may be a stepper motor 3072, a DC
brushed motor 3072 or an AC motor 3072 with the appropriate controller. ' »
[00930] The motoy 3072 may be fixedly coupled to the gearbox 3070 allowing the
motor/gearbox unit to Je attached as a unit to the cam shaft 3080 and upper housing 3010.
The gear reduction offthe gearbox 3070 increases the torque, while increasing the number of
motor 3072 rotationf per rotation of the cam shaft 3080 (Tfig. 260). In one embodiment, the
gearbox 3070 has/fa reduction ratio of 19:1. 'l‘f}e ecar reduction allows reasonable resolution
on the cam shaf 3()8(_) (Fig. 260) position with a rclatively few number of hall sensors in the
motor .3()72. . one embodiment, three hall sensors and eight windings produce twenty-four

crossings pef revolution. The twenty-four crossings combined with a 19:1 gear ratio

provides bftter than (0.8° angular resolution on the cam shaft 3080 (Fig. 260) rotation.

[00931]

a rotatipn sensor 3130 (FFig 257) that detects the position of the magnet 3125 on the end of

The rotation of the cam shaft 3080 (Fig. 260) may be directly measured with

146



10

15

20

WO 2013/096909 CT/US2012/071490

~—
™

the cam shaft 3080 (Fig. 260). In one embodiment, th\e\gns - is a single-chip magnetic
rotary encoder IC that employs 4 integrated Hall elements that detect the position of the
magnet 3125 (Fig. 260), a high resolution analog to digit éonvener and a smart power
management controller. The angle position, alarm bits angf magnetic field information may
be transmitted over a standard 3-wire or 4-wire SPI ifterface to a host conuroller. One
example of a rotary encoder is model AS5055 manufactured by Austriamicrosysiems of
Austria that provides 4096 increments per rotation.
[00932] The movements of the valve 3101, 3£10, and the plunger 3090 are controlled
individual cams 3083, 3084, 3082 (l’-’“lG
266), which in turn deflects a roller end 309Z, 3102, 3112 (Fig. 274) of the L-shaped

followers 3090, 3100, 3110 (Fig. 274) downwgrd. The L-shaped cam followers 3090, 3100,

by the rotation of the cam shaft 3080 that turn

3110 (Fig. 274) fotate about the cam-folloyfer shaft 3120, so downward movement of the
roller end 3092, 3102, 3112causes the actjve end to pull away from the infusion line 3210
(Fig. 276). Torsional springs 3094, 3104, 3114 (FIG. 274) on each of the I-shaped cam
followers 3090, 3100, 3110 (Fig. 274)
cams 3082, 3083, 3084 (Fig. 276) afid urge the active ends 3091. 3101, 3111 toward the

rge the rollers 3092, 3102, 3112 upward against the

infusion line 3210.
[00933] ‘The profiles of thefoutlet valve cam 3084, plunger cam 3()83, and inlet valve
cam 3082 are pictured in FIGS/271-273. These profiles produce a valve scquence similar
to that plotted in FIG. 197. THe cams 3084, 3083, 3082 may be connected to the cam shaft
3080 in any of the standard methods including adhesive, press fit, keyed shaft. In some
embodiments, the cams 3(84, 3083, 3082 may be physically integrated into the cam shaft
3080 as a single piece.

3082A. 3083A. 3084

n one embodiment, the cams 3084, 3083, 3082 have a key slot
and are pressed onto the cam shaft 3080 against a shoulder (not
shown) with a key (npt shown) to rotationally locate the cams 3084, 3083, 3082 on the cam
shaft 3080 and a cifcle clip 3085 to hold the cams 3084, 3083, 3082 in position along the
axis of the cam shAft 3080. The cam shaft 3080 is mounted in the upper and lower housings

3005, 3010 by pearings 3086. In onc embodiment, the bearings 3086 arc scaled roller

bearings.
[00934] Fig. 274 illustrates the plunger L-shaped follower 3090, valve 1-shaped cam
followers 3101, 3110 and cam-follower shaft 3120 in an exploded view. The L.-shaped cam

followers/3090. 3100, 3110 mount on the cam-follower shaft 3120 and rotate freely on the

cam-foflower shaft 3120. The rotation of the L-shaped cam followers 3090, 3100, 3110 on
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the cam-follower shaft 3120 may be facilitated by bearings/ In one embodiment, the
bearings are solid flanged bushings 3095, 3105, 3115 pres?e into the bodiesk 3093, 3103,
3113 of the L-shaped cam followers 3090, 3100, 3110. { he bearings may be any low
friction bushing including bronze, brass, plastic, nylon, pglyacetal, polytetrafluoroethylene
5 (PTFE), ultra-high-molecular-weight polyethylene (UHMWPE), rulon, PEEK, urethane,
and vespel. The flanges on the bushings 3095, 310f, 3115 may serve as axial bearing
surfaces between adjaceht [-shaped cam followers 3090, 3100, 3110 and between the valve
L-shaped cam followers 3101, 3110 and the housjng halves 3005, 3010 (Fig. 265). The
flanges on the bushings 3095, 3105, 3115 (Fig.
10 active ends 3091, 3101, 3111 (Fig. 274) of the _-shaped cam followers 3090, 3100, 3110
' (Fig. 274) relative td platen 3022 (Fig. 257) off the door assembly 3021 (Fig. 257).

[00935]  The cam-follower shaft 312

4) may also scrve to properly space the

(Fig. 274) may include end sections 3120A
(Fig. 274) that are eccentric relative to tfe center section 3120B (Fig. 274) of the cam-
follower shaft 3120 (Fig. 274). The pogition of the cam-follower shaft 3120 (Fig. 274)

15 relative to the cam-shaft 3080 (Fig. 760) and/or platen 3022 (Fig. 260) may be finely
adjusted by turning the.eccentric epfl 3120A. Turning the eccentric end 3120A allows -
adjustment of the lash between rolfers 3092, 3102, 3112 and the cams 3084. 3083, 3082
v (Figs. 271-273) on the cam shaft J080 (Fig. 260).

[00936] The end sectiorf 3120A of the cam-follower shaft 3120 (Fig. 274) may

20  include a feature 3120C to rgceive a tool such as a screw driver, hex key or other tool
capable of applying a torquefo the cam-follower shaft 3120 (Fig. 274). In one embodiment,
the feature is a slot sized tgfaccept a slot-headed screw driver. The eccentric ends 3120A fit
in holes formed by cut-ofts 3005D, 3010D (see Fig. 278) in the housing halves 3005, 3010

respectively. In one engbodiment, the holes formed by cutouts 3005D, 3010D (Fig. 278) do

[\
N

not bind the cam-follpwer shaft 3120 (Fig. 274) in order to allow adjustment. A clamping
element may be adfded to secure the rotary position of the cam-follower shaft 3120 (I'ig.
274). In one embgdiment, the clamping element is a sct screw in threaded hole 3120A.

[00937] By
compriise rollefs 3092, 3102, 3112 that touch the cams 3084, 3083, 3082 (Figs. 271-273),

¢ L—shapcd cam followers 3090, 3100, 3110 (Fig. 274) or actuators

30  an elastic elfment 3094, 3104, 3114 that urges the contactling element toward the cam
surface, andl an L-shaped structure 3093, 3103, 3113 that includes a bore, which mounts on
the cam-f0llower shaft 3120 and connects the rollers 3092, 3102, 3112 to the active element

3091, 3401, 3111 that in wrn touches the infusion line 3210. The L-shaped cam fol]oWers
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3090, 3100, 3110 (Fig. 274) additionally include flinged bfarings 3095, 3105, 3115
- S

mounted in the bore of the structure 3093, 3103, 3113 (Fig. 27
[00938] In one embodiment, the rollers 3092, 3102, 2

3106, 3116 that is mounted in the structures 3093, 3107,

12 rotate about a shaft 3096,
3113 (Fig. 274). Rollers are
5 preferred as the contacling element in order to reduce fthe .]oad on the motor 3072 and
improve peristaltic pump 2990 repeatability. In othef embodiments a different type of
contacting element may be used.
{00939] In one embodiment, the active elemgnts, or inlet valve 3101, plunger 3091,
shaped cam followers 3090, 3100, 3110
tments, 3091, 3101, 3111 are removably
follower 3090, 3100, 3110 (Fig. 274). In

an outlet valve 3111, arc formed as part of the

10 (Fig. 274). In one embodiment, the active ¢
~ attached to the structure of each L-shaped ca
one embodiment, the active elements 3091/3101, 3111 (Fig. 274) may be mechanically

. ts, the active elements 3091, 3101, 3111 (Fig.
274) may include studs that pass throughfioles in the structures 3093, 3103, 3113 (Fig. 274)

attached with screws. In other embodim

15  and are-held in place with nuts, or thefactive elements 3091, 3101, 3111 (Fig. 274) may
include plastic studs that snap into rgceiving elements in the structures 3093, 3103, 3113- -
(Fig. 274). /
[00940] The clastic clemepls 3094, 3104, 3114 urge the L-shaped cam followers
3090, 3100, 3110 (Fig. 274) agginst the cam surfaces of the cams 3084, 3083, 3082 (Figs.
20 271-273) and foward the platen 3022 (Fig. 260) and infusion line 3210. In one
embodiment, the elastic elemnts 3094, 3104, 3114 (Fig. 274) are coiled torsion springs that
wrap around the section of fhe structures 3093, 3103, 3113 (Fi 2. 274) that includes the bore.
One end of the torsion springs press against the L- shaped cam follower structures 3090,
3100, 3110 (Fig. 274) etween the bore and the rollers 3092, 3102 and 3112. The other
25 end of the spring cgntacts the fixed structure of the peristaltic pump 2990. In one
embodiment the othfer end of cach spring contacts a spring retainer 3140 (Figs 275, 276)
that may include g slot 3140A to capture the spring end. A retainer set screw 3142 (Fig.
275) can be turfed to move the spring retainer 3140 within the ﬁppcr housing 3010 and
apply a load ag Ainsl ihe clastic elements 3094, 3104, 3114. At some cam 3084, 3083, 3082
30 (Figs. 271-23) rotary positions. the load applied to the spring will in turn be applied by the
active endy 3091, 3101, 3111 to the infusion line 3210. The compressive load of each
active endls 3001, 3101, 3111 (Fig. 274) on the infusion line 3210 may be adjusted by

turning fhe corresponding retainer set screw 3142,
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[00941] In another embodiment, the elastic elemems‘fi()Q 3104, 3114 (Fig. 274) are

helical springs that are located between the L-shaped cam fal wers 3090, 3100, 3110 (Iig.
274) and the structure of the pump body 3001. The helic springs are located such that.
they urge the follower-end or roller-end of the L-shaped gam followers 3090, 3100, 3110
(Fig. 274) toward the cams 3082, 3083, 3084 (Fig. 271- 3).‘ The helical springs may also
uree the active end of the L-shaped cam followers 3090, 3100, 3110 (Fig. 274) toward the
platen 3022 (Fig. 260). ‘One arrangement of helical/springs and L-shaped cam followers
3090, 3100, 3110 is shown in Figs. 205, 206, 219, 220.

[00942] Fig. 276 shows a cross-section ¢f the pump mechanism 3000 including
sections of the plunger cam 3083, plunger 3091 /nd platen 3022. The cam shaft 3080 tuns
the plunger cam 3083 which is keyed to the fhaft at 3084A. The cam 3083 displaces the
cam contacting element or cam roller 3092, #hich is part of the plunger 3091 L-shaped cam
follower 3090. The plunger 3091 L-shgped cam follower 3090 rotates about the cam-
follower shaft 3120. The plunger 309) L-shaped cam follower 3090 is held against the
plunger cam 3083 by the elastic eleghent 3094. One end of the elastic element 3094A
contacts the structure 3093, while the free end of the elést’ic element 30948 contacts the. -
spring retainer 3140. The plunger t_)91 compresses the infusion line 3210 against the platen -
3022. The plunger 3091 retrac from the platen 3022, when the plunger cam 3083
depresses the cam-roller 3092.

[00943] Fig. 277 presghts a cross-section of the plunger 3091, platen 3022 and
infusion line 3210 at the botfom of the plunger 3091 stroke. At the top of the plunger 3091
stroke, the non compressgd infusion line 3210 has a nominally round cross section that
contains a maximum vglume. The pumping mechanism 3000 maximizes pumping per
stroke by allowing th infusion line 3210 to completely fill at the top of the stroke and
minimize the volume/inside the infusion line 3210 at the bottom of the plunger 3091 stroke.
The amount of volfime pumped may he impacted by the shape of the plunger 3091, the
length of the plunger 3091 stroke and the shape of the platen 3022. However, if the infusion
line 3210 is cor plcl_cly crushed, the forces on the plunger 3091 may be higher than needed,
which>may neessitate larger elastic elements 3090, 3100, 3110 (Fig. 274) and or a larger
motor 3072for higher power draw. The higher power draw may shorten the time the
peristaltic fump 2990 can run on a battery 3420 or may create a heavier peristaltic pump
2990 dug¢/ to a large battery 3420. The design of the plunger 3091 and platen 3022 may be

selected 1o balance increased volume against higher loads on the plunger 3091, In one

150



10

15

20

30

WO 2013/096909 CT/US2012/071490

embodiment, the plunger 3091 and platen 3022 are dos@ae{ tofavoid compressing infusion
line 3210 walls by providing a gap between the plunger 3091 and the platen 3022 that is
slightly larger than two times the infusion line 3210 wall thi ness.
[00944] In one embodiment, the plunger cam 3§83 and plunger L-shaped cam
follower 3090 are designed provide a minimum clearafice 3022G between the tip of the
plunger 3091B and the bottom of the platen 3022D. Infone example, the clearance 3022G is
2 to 3 times the infusion line 3210 wall thickness anfl sufficient such that the infusion line
3210 walls do not touch between the plunger tip 3¢91B and platen bottom 3022D. In one
example, the clearance 3022G between the plungr tip 3091B and the bottom of the plateﬁ
3022D is approximately 0.048”. which is 9% flarger than twice the wall thickness of an
example infusion liﬁe 3210. In another examfple, the clearance 3022G may be as small as
2% larger than ‘twice the wall thickness of an example infusion line 3210. In another
example the clearance 3022G may be as |
an infusion line 3210.

[00945] In one embodiment,

)

e dimensions of the platen 3022 and plunger tip
3091B are selected to provide a cleagnce 3022G that is 2 to 3 times the wall thickness of a~
single wall of the infusion line 32  (}. In one example, the clearance 3022G between the
plunger tip 3091B and the platen 022 is 8% to 35% larger than twice the wall thickness of
an example infusion line 3210,/ The clearance 3022G will allow the sides of the infusion
line 3210 to fold without pincjiing the fold shut. In one embodiment, the plunger tip 3091B
has a radius of 0.05” and sifles 3091C that have an an gle between them of 35", The sides
3091C may meet the plunger tip 3091B radius at a tangent angle. The length of the plunger
tip 3091D may be 0.116/.

on each side. The le oth of the platen bottom 3022D and radii 3022C are selected to

The platen bottom 30221 may be flat and have a radius 3022C

maintain a clearance 022G between the plunger tip 3091B and the platen 3022 that is more
than twice the infugfon line 3210 wall thickness. In one example, the platen bottom 3022D
is 0.05 long and gach radius 3022C is 0.06”. Side 3022B is angled away from the plunger
3091. The shoyfer side 3022L is nearly vertical. Side 30221 is at a less vertical angle than
the pluhger willls 3091C to allow the plunger tip 3091B to enter the platen 3022 as the door
assembly 3021 is closed.

[00946]
3022A

The plunger 3091 and platen 3022 may include two flat sections 3091A and
ich provide a mechanical stop. The flat sections 3091A and 3022A may also be

referredf to herein as stops 3091A and 3022A. The mechanical stops 3091A, 3022A may
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improve the reliability and reduce the uncertainty (ﬁ\-._t{e olume measurement. As

described elsewhere, the volume is determined from the chgfige in plunger 3091 position
from the beginning of the displacement stroke to the end o] étroke. The stops 3091A and
3022A may remove the uncertainty or tolerance in the boifom of stroke measurement. The
profile on the plunger cam 3083 may be designed to Liff off the roller 3092, when the (lat
section 3091A contacts the platen 3022 at 3022A. |
[00947] The plunger 3091 and plat.en 3022 yhay be formed of with a surface that
easily slides on an infusion line 3210 material of P¥C or Non-DEHP. In one embodiment,
the plunger 3091 and platen 3022 may be form¢gd of nylon. In another embodiment, the

©. aluminum) that is coated with PTFE. In

plunger 3091 and platen 3022 may be metal (e
other embodiments, 'other plastic may be used or other coatings applied to a metal plunger
3091 and/or p]at‘én' 3022 that provide a low/friction coefficient with a PVC or Non-DEHP
infusion line 3210.
[00948] The cam shaft 3080 and e cam-follower shaft 3120 are mounted in cut-outs
3005C; 3005D, 3010C, 3010A in the Igwer and upper housing 3005, 3010 as shown in Figs
260, 278. The accuracy of the moverfients of the valves 3101, 3111 and the plunger 3091 as’
well as the usage life of the 1'0110'.Ae]ements 3092, 3102, 3112 and cams 3082-3084 are
improved by better parallel alignfnent and correct spacing of the two shafts 3080, 3120.
The parallel alignment and spacjng of the two shafts 3080, 3120 are controlled in part by the

parallel alignment and spacife of the cutouts 3005C, 3005D, 3010C, 3010A. In one

re

embodiment, the two parts gf the housing 3005, 3010 are formed without the cutouts (Figs
278, 279). The two parts gre then mechanically joined and the holes 3006, 3007 are drilled
or bored by the same nfachine in the same setup (Fig 280) at the same time. In some
embodiments, the two ousihg parts 3005, 3010 include features to hold them in a fixed
alignment with one gnother when assembled. In one example, the housing 3005, 3010
alignment features gre pins pressed in one part and matching holes in the other. In another
example, featuresfon one part extend across the split line 3008 to engage features on the
other part. The ¢/peration of accurately boring holes is sometimes referred to as line boring.
Line b.oring rfay improve the parallel alignment of the cutouts 3005C, 3005D, 3010C,
3010A. Thefline boring of the cutouts 3005C, 3005D, 3010C, 3010A in the joined housing
3005, 301¢ inexpensively creates cutouts 3005C, 3005D,-3010C, 3010A that combine to
form moy accurately circular holes 3006, 3007 and holes 3006, 3007 ihal are more parallel

one 1o «
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[00949] The measurement of pumped volume ;Fascd oh the measured position of
the plunger 3091. In one embodiment as shown in Figs. 281,\° 5, the plunger 3091 position
is measured remotely without contacting the plunger 3091 L s‘haped cam follower 3090. In
one embodiment, the plunger 3091 position is measured wjth a linear hall effect encoder 1C

5 3002A and a simple two-pole magnet 3096A (Fig. 282) The linear encoder 3002A (Fig.
282) is located on the main PCB 3002 and reports the pbsition of the magnet 3096A located

on the plunger 3091 I,l—s}ﬂaped cam follower 3090 tofthe controller. The linear encoder IC

3002A is advantageously mechanically disconnectgd from the moving components, so the
sensor will not wear, degrade or break with use. fn one embodiment, the lincar encoder 1IC

10 3002A is part AS5410 manufactured by Austfamicrosystems of Austria.  The AS5410

| ~allows the conversion of a wide range of ggbmetries including curved movements, non-
linear scales, and tilted chip/magnet geomeifies into a linear output signal. The flexibility
of the linear encoder IC 3002A allows larger tolerances in the placement of the main PCB
3002 relative to the plunger magnet 309¢/A. Alternatively, the position of the plunger 3091
15 may be measured with a vision syster

3091 L-shaped cam follower 3090.

that uses -edges or datums located on the plunger
Alternatively, the plunger 3091 position may be 3
measured with any of several sensoys well known in the art including a linear potentiometer, "
a rotary potentiometer, rotary encgder, linear encoder, or LVDT. Methods to mechanically
connect one of these sensors th the plunger L-shaped cam follower 3090 may be those
20 apparent to one skilled in the of
[00950] The slide occfuder 3200 can be seen in Fig. 261. The slide occluder 3200
serves to pinch the infusiopf line 3210 closed, blocking flow, when the infusion line 3210 is
in the narrow part of thefopening 3200D (Fig. 261). Flow is allowed through the infusion
line 3210 when it is lofated in the wide end of the opening 3200C at the front of the slide
25  occluder 3200. The ghen position on the slide occluder 3200 refers to the infusion line 3210
heing located in thf wide end of the opening 3200C.  The closed position of the shde
occluder 3200 refers to the infusion line 3210 being located in the narrow part of the
opening 3200D/ The slide occluder 3200 includes at.least onc opening 3200A on the front
end of the slidg occluder 3200. A tab 32008 is located at the back end of the slide occluder
30 3200.
[00951] The process of closing the door and inserting the slide carriage 3041 to
release tfe slide occluder 3200 is described with reference to Figs. 283 10 293. Tig. 283

illustrages the slide occluder 3200 fully inserted into the door split carriage 3040 and the
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infusion line 3210 clipped into the clips 3062A, 3024. T\hg dogfr assembly 3021 will close
. ‘\
by rotating about the hinges 3010A. The initial position of t

e body split carriage 3045 in
the pump body 3001 can be seen in Fig. 284. The slot 3 45E in the body split carriage
3045 receives the slide occluder 3200 when the door assgmbly 3021 is closed against the
pump body 3001. The opening 3045B in the body splj

tab 3200B of the slide occluder 3200 allowing the bag

carriage 3045 accommodates the
¢ end of the slide occluder 3200 to
enter the body split cam’ége 3045 and allowing the dgor ésscmbly 3021 to close. The body
split carriage 3045 and/or uppel; housing 3010 prevgnt the door assembly 3021 from closing
when the slide occluder 3200 has been incorregtly oriented. The side of the body Split
carriage 3045 opposite the opening 3045B doef not provide an opening or slot that could
accommodate the tab 3200B on the slide o

housing 3010 includes a rail 3010E that blocKs the tab 3200B.

“luder 3200. In one embodiment, -the upper

[00952] Fig. 285 illustrates the twgf part split-carriage assembly 3041 in the open
position. Such a position may be reached when the door assembly 3021 is open. Fig. 286
illustrates the two part split-carriage agfembly 3041 in the closed position. Such a position
may be reached when the door assenybly 3021 is closed against the pump body 3001. The -
axis of the hinge 30408 is approxi ‘jate]y in line with the axis of the upper housing 3010
hinge 3010A when the door assepfibly 3021 is open. The door split carriage 3040 includes
at least one slot 3040D that allghws it to accommodate at least one tab 3020D on the door
3020 and rail 3010E in the uj per housing 3010. In an alternative embodiment shown in
Figs 262-263, the slot 3040

body split carriage 3045 infludes at least one slot 3045D to accommodate rail 3010A on the

may accommodate or be guided on tabs 3020D, 3020F. The

upper housing 3010 and/pr rail 3015E on the sensor housing 3015.  The slots 3040D and
3045D allow the split arn’age 3041 to slide within the pump body 3001 and door 3020
when the door 3020 iclosed against the body 3001.

[00953]  Tig. 7}
3090, 3100, 3110

87 illustrates the peristaltic pump 2990 having I.-shaped cam followers
ith the door 3020 partially closed and some elcmemﬁ removed to reveal
the slide occludgf 3200 in the closed split-carriage 3041. "The door assembly 3021 is closed
and 1hé lever 025 has not begun to engage the body pins 3011. The position of the split
carriage 3041 comprising parts 3045 and 3040 is controlled by the position of the lever
3025. Thefsplit carriage 3041 is pushed into the pump body 3001 by a rib 3025F as the
lever 3026 is closed or rotated toward the pump body 3001. The split carriage 3041 is

pulled partially out of the pump body 3001 by the lever link 3035 as the lever 3025 1s
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opened or rotated away from the pump body 3001.\1‘}16 oor split carriage 3040 1s
ink 3035C that fits over the

026 that slides in a slotted rib

connected to the lever 3025 via the closed end of the lever,
carriage pin 3040A and the open end 3035B holds a pin )
3025A on the lever 3025. The split carriage’s 3041 trav£l is limited by the length of the
5  slide occluder 3200. The slide occluder 3200 which mgy not provide sufficient rotation of
the lever 3025 to engage the body pins 3011 and compfess the infusion line 3210 against the
inlet and/or outlet valves 3101, 3111 without inordfnate mamal force exerted against the
lever 3025.
[00954] The lever 3025, split carriage 3024 and door assembly 3021 arc designed tb |
10 maintain the occlusion of the infusion line 321/ at all times during the door 3020 opening
| and closing processes.  The infusion line p210 is occluded by pressing the door 3020
against the body, before the slide occluder F200 is moved by the split carriage 3041 during
closing. In the opening process, the slide pccluder 3200 is moved first to block the infusion
line 3210 before the door 3020 is disepgaged from the body and allows the infusion line

15 3210 to become decompressed.
[00955] The slotted rib 3025

{the body pins 3011 with the latch hooks 3025C without

and lever link 3035 allow the lever 3025 to rotate
several degrees and begin engagin
moving the split carriage 3041 when closing the lever 3025. Upon opening, the slotted 1ib
3025A and lever link 3035 allofv the Iever 3025 to retract the split carriage 3041 and block
20 the infusion line 3201 before ¢ isengaging the body pins 3011 and releasing the infusion line
3210 from the valves 3101/ 3111. Thé lever link 3035 mechanically connects the lever
3025 to the door split carrfage 3041 such that the lever 3025 only applies a tension force on
the lever link 3035.  Lighiting the force on the lever link 3035 to tension force removes the
need to ensure‘ the levgr link 3035 is buckle resistant, allowing the lever link 3035 to be
25 lighter and smaller.
[00956] The frotation of the ‘lever 3025 toward the door 3020 and body 3001
compresses the ipfusion line 3210 between the platen 3022 and the valves 3101, 3111 and
plunger 3091, lAiches the door 3020 shut and moves the slide occluder 3200 to an open
poSilion. Thefever link 3035 and the slotted rib 3025A and the geometry of the latch hook
30 3025C assurf that the infusion line 3210is compressed against the valves 3101, 3111 before
the slide ofcluder 3200 is moved to the open position when the lever 3025 is closed. The
lever lini 3035 and the slotted rib 3025A and the geometry of the latch hook 3025(,7_&150

assure hat the slide occluder 3200 is moved into the closed position before the infusion line
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{ST Alternatively, the door split carriage 3040 may be pulled out of the pump
body 3001 by the lever 3025 that is connected to the goor split carriage 3040 by two links
3036, 3037 as shown in Fig 288. The first link 3034 fits over the split carriage pin 3040A
and connects to the second link 3037 at hinge 30J6A. The second link connects the first
link 3036 to the lever 3025 at pivot point 3025G. /The two links 3036, 3037 cach have a fat
3036B. 30378 that limits the relative rotationfof the links 3036, 3037 so that they never
cross a center point and always fold toward eafh other in the same direction. In the pictured
embodiment, the-links 3036, 3037 can on fold so that their mutual pivot point 3036A
moves away from the lever pivot 3025B ay the lever 3025 closes. The two links 3036, 3037
allows the lever 3025 to rotate several dferees and begin engaging the body pins 3011 with
the latch hooks 3025C and occlude thg/infusion line 3210 against at least one of the valves
3101, 3111 without moving the splif carriage 3041. Once the two links 3036, 3037 have
folded closed, the rib 3025F contacys the door split carriage 3040. The rib 3025 pushes the
split carriage 3041 into the pumppody 3001 as the lever 3025 completes its rotation toward
the door assembly 3021.

{HO9SE] Upon opening fhe lever 3025, or rotating the lever 3025 away from the door
assembly 3021, the two linkf 3036, 3037 unfold and only begin to retract the split carriage
3041 after an initial lever 025 rotation. During the second part of the lever 3025 rota.ljon,
the split carriage 3041 wfthdraws from the pump body 3001 and moves slide occluder 3200,
which blocks the infugfon lihe 3210 before disengaging the body pins 3011 and releasing
the infusion line 3210 from the valves 3101, 3111. The infusion line 3210 is uncompressed
during the third porfion of the lever 3025 rotation.

[00959] Alrnatively, the two links 3036, 3037 could be replaced with a flexible
cable or wirce, which pulls the split carriage 3041 out.of the pump body 3001. The lexible
cable 1ﬁay be fitached to the door split carriage 3040 and to a fixed point on the lever 3025.
The split cagfiage 3041 is pushed into the pump body 3001 by the rib 3023F as the lever
3025 rotatgh toward the pump body 3001.

[00960] Fig. 274 illustrates the peristaltic pump 2990 having L.-shaped cam followers
3090, 3400, 3110.The door 3020 is closed and the lever 3025 latched as shown in Fig. 289
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The split carriage 3041 has been partially slid 1hr;§2h\he dgbr 3020 and into the body
3001. The movement of the split cén'iage 3041 moves 1}6 Klide occluder 3200 into the
pump body 3001, while the infusion line 3210 is held in p sition. The movement of the
slide occluder 3200 relative to the infusion line 3210 movgs the infusion line 3210 into the
wide end 3200C of the slide occluder 3200 allowing {low/through the infusion line 3210.
[00961] Figs. 290-293 illustrate four steps of clghing the door 3020 of the peristaltic
pump’ 2990 having L-shaped cam followers 3090./3100, 3110. In Fig. 290, the door
assembly 3021 is open and the infusion line 3210 ghd slide occluder 3200 are installed. In
Fig. 291, the door assembly 3021 is closed, the fever 3025 is open and the split carriage
3041 is fully retracted, so the infusion line 321(fis blocked by the slide occluder 3200 . In
Fig. 292, the lever 3025 is partially rotated tojvard the body 3001 to a point where the split
carriage 3041 has not moved and the slide pccluder 3200 blocks the infusion line, but the
latch hooks 3025C have engaged the body . ins 3011 and compressed the infusion line 3210
between the door assembly 3021 and at J£ast one of the valves 3101, 3111. In Fig. 293, the
lever 3025 is fully rotated toward the/pump body 3001 or closed. In Fig. 293, the slide
carriage 3041 is fully inserted into the pump body 3001,150 that the infusion line 3210 is- -
unblocked by the slide occluder 32 ::) and the door 3021 is fully preloaded against the pump -
body 3001 including at least one f the valves 3101,3111.

[00962] Figs. 294-298 illAstrate the elements of the door assembly 3021 and pump
body 3001 and lever 3025 thift together latch the door 3020 closed, and position the door
assembly 3021 parallel to th¢ face of the upper-housing 3010 and compress the infusion line
3210 between the platen 3£22 and at least one of the valves 3101, 3111 and plunger 3091.
The door assembly 3021/is positioned and pressed against the upper housing 3010 without
placing a load on the inge.pin 3012 or requiring close tolerance on hinge pin 3012 and
pivot holes 3020J, 30A0F.

[00963] - As described above and pictured in IMigs. 283, 287 the two latch hooks
3025C engage thf body pins 3011, which are mounted in the uppcrv housing 3010 tabs
30108, when tht dopr assembly 3021 has been rotated to contact the upper housing 3012
and the lever 025 is rotated toward the door 3020. The latch hooks 3025C have tapered

openings to Assure engagement for a broader range of initial positions between the door
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door 3020 along slots 3020C as the latch pin 3()3?‘m\0\7e§‘tow 'd the body pin 3011 (Fig.
294). The slot structure 3020C on the top of the door 3020\1 Fig. 294 is repeated toward
the bottom of the door 3020 in Fig. 295, where the second latfh 3025C engages the latch pin.
3034. .
[00964] In Fig. 298, the movement of the laich pj 3034 toward the upper housing
3010 deflects the door spring 3032 that is supported bfy the d001"3020 at each end of the
door spring 3032A. The deflection of the door spring/3032 generates a force that is applied
to the door 3020 and directed toward the upper housfng 3010 and the pump body 3001. The
pump body 3010 includes protrusions or standoffy’3025H that contact the face of the upper
housing 3010 in three or more places distributedfaround the valves 3101, 3111 and plunger
3091 (Fig. 260). In one embodiment, the sta vdoffs 3025H are also positioned within and
| equal distance to-the contact area between Ufe door spring 3032 and the door 3020 so that
the spring force is equally distributed to ea h standoff 3025H. In one embodiment as shown
in Fig. 296, four standoffs 3020H are locfted around the platen 3022, near where the valves
3101, 3111 (Fig. 260) contact the infusipn line 3210. The pivot holes 3020 in the door 3020
are slightly oversized for the hinge pift 3012 (Fig. 295), which allows the door 3020 to rest. -
on the standoffs 3025H without beit Zg constrained by the hinge pin 3012.
[00965] Fig. 297 shows tht cross-scction through the latch pin and inéludcs the
latches 3025C fully engaging dy pins 3011. In one embodiment, the body pins 3011
include a plain bearing 3011Afo reduce wear and friction. The plain bearing 3011A is tube
of hard material that can rofate on the b0dy pin 3011 to reduce wear on the latch hooks
3025C. The latch pin 3034 passes through the lever pivot holes 3025B and is free to move
in the slots 3020C and dgflect the door spring 3032. In Fig. 297, the plunger 3091 is in a
position to compress the infusion line 3210 against the platen 3022. The force of the
deflected door springf3032 supplies the force to compress the infusion line 3210 from the
platen 3022 side, wifile the plunger elastic element 3094 (Fig. 267) supplies the force on the
plunger 3091 sidey ’
[00966] Ffe. 298 shows the cross scction across the middle of the door spring 3032
and pei‘pendic ar tovlhe latch pin 3034. The deflection of the door spring 3032 is evident
between the fatch pin 3034 and an edge 3020F at each end of the door spring 3032 and of
the spring ¢gutout 3020G.  FIG. 296 presents an embodiment where the standoffs 3020H are
located bftween and equal distant to the locations where the door spring 3032 contacts the

door 3020.
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[00967] In one embodiment shown in Fig. 299\—31‘)()? onefof the latch hooks 3025C

may comprise detents 3025G, 3025] and a spring pin 302> 1 ball to engage the detents

3025G, 3025). Figs. 299 illustrates the lever 30235 fully clo ed against the door 3020. The

latch hook 3025C includes a first detent 3025G that is englged by a spring pin 3027. The

5 spring pin 3027 is mounted in the door 3020 at such g position that it engages the first
detent 3025G when lever 3025 is closed.

[00968] Fig. 300 illustrates the lever 3025 fully'opened relative 1o door 3020 and the

door split carriage 3040 retracted. The spring pin 3027 engages a second detent 3025] when

the door 3020 is in the fully open position. In/some cmbodiments, the detents 3025G,

10 30257 in the latch hooks 3025C may allow theflever 3025 to hold one or more positions

v relative to the door 3020. ‘ .

.[00969] _ Fig. 301 illustrates a detectigh lever 3150 displaced by the slide occluder

3200, when the door assembly 3021 and the lever 3025 (Fig. 265) are fully are closed. The

detection lever 3150 rotates on a pin 3141 that is attached to the upper housing 3010 and

15  swings through a slot 3045F (Fig. 285)/in the body split carriage 3045. 1If a slide occluder

3200 is present in the split carriage 3041 when the door 3020 is closed, the slide occluder- -

3200 will deflect the detection lev  ‘ 3150 upward toward the main PCB 3002. A sensor -

3152 on the main PCB 3002 will /detect the nearness of a magnet 3150A on the detection

lever 3150. The detection levey 3150, magnet 3150A and sensor 3152 may be designed to

20 only detect a specific slide ogtluder 3200 geometry. Other slide occluders 3200 or slide

occluder 3200 shapes may npt deflect the detection lever 3150 enough for the sensor 3152

to detect the magnet 31504/ or cause the detection lever 3150 1o contact the main PCB 3002

and prevent the full inseglion of the split carriage 3041 and closing of the lever 3025. A

controller may only allgw peﬁstaltic pump 2990 operation when the sensor 3152 detects the

25  displaced detection lefer 3150 indicating that the appropriate slide occluder 3200 is present.

[00970] = Tig. p02 illustrates a latch hook detection slide 3160 displaced by the latch

hook 3025C, wheg the door assembly 3021 and the lever 3025 are v’fully closed. 'The latch

hook detection fflide 3160 includes one or more slots 3160A that guide it past screws or

posts on mou red in the upper housing 3010. A spring 3164 returns laich hook detection

30 slide 3160 tofa non-displaced position, when the latch hook 3025C is engaging the body pin

3011. The Jatch hook detection slide 3160 includes at least one magnet that is located so that

a sensor /3163 mounted on the main PCB 3001 will detect it presence only when the

slide 3160 is fully displaced. In one embodiment, the laich hook detection slide
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3160 may include a second magnet 3162 that is detected by thefsensor 3163 only when the
latch hook detection slide 3160 is ["uliy retracted. A conh%] br may only allow peristaltic
pump 2990 operation when the sensor 3163 detects the disp Aced latch hook detection slide
3160 indicating that the lever 3025 is fully closed.

5 [00971] FIGS. 303-310 show various views relgled blo a system 3200. FIG. 303
shows a system 3200 that includes several pumps 3201/ 3202, and 3203. The pumps 3201,
3202, 3203 can be coupled together to form a group ¢ff pumps that are connectable to a pole
3208. The system 3200 includes two syringe pughps 3201, 3202 and a peristaltic pump
3203; however, other combinations of various meglical devices may be employed. '

10 [00972] Each of the pumps 3201, 3202,/3203 includes a touch screen 3204 which
may be used to control the pumps 3201, 3202/ 3203. One of the pumps’ (e.g., 3201, 3202,
3203) touch screens 3204 may also be usg
3201, 3202, 3203 and/or to control the one v r more of the other pumps 3201, 3202, 3203.
[00973] The pumps 3201, 3202, :

to coordinate operation of all of the pumps

d 3203 are daisy chained together such that they
15  are in electrical communication with

3201, 3202, and/or 3203 may shar
:02, and/or 3203 may include an AC/DC converter that -

ch other. Additionally or alternatively, the pumps

power with each blher or among each other. For

example, one of the pumps 3201, 3

converts AC electrical power to pC power suitable to power the other pumps 3201, 3202,
3203.

20 [00974] Within the syflem 3200, the pumps 3201, 3202, and 3203 are stacked
together using respective Zfframes 3207. Each of the Z-frames 3207 includes a lower

portion 3206 and an upperfportion 3205. A lower portion 3206 of one Z-frame 3207 (e.g.,

the lower portion 3206 of the pump 3201) can engage an upper portion 3205 of another Z- -
frame 3207 (e.g., the upfper pbnion 3205 of the Z-frame 3207 of the pump 3202).

25  [00975] A clarflp 3209 may be coupled to one of the pumps 3201, 3202, 3203 (e.g.,
the pump 3202 as sfiown in FIG. 304). That is, the clamp 3209 may be coupled to any one
of the pumps 3207, 3202, and/or 3203. The clamp 3209 is attachable to the back of any one
of thc pumps 301, 3202, and/or 3203. As is casily scen in FIG. 3006, cach of the pumps
3201, 3202, ¥

30 member 3214,

03 includes an upper attachment member 3210 and a lower attachment
A clamp adapter 3212 facilitates the attachment of the clamp 3209 to the
pump 3207 via a respective pump’s (¢.g., 3201, 3202, or 3203) upper attachment member
3210 and/lower attachment member 3211. In some embodiments, the clamp adapter 3212

may befintegral with the clamp 3209.
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[00976] FIG. 307 shows a close-up view of a poﬁibn\of n interface of a clamp (i.e.,
the clamp adapter 3212) that is attachable to the pump 3202 (or to pumps 3201 or 3203)
shown in FIGS. 304-306 in accordance with an embodime 6f the present disclosure. The
clamp adapter 3212 includes a hole 3213 in which a lowgr attachment member 3211 (see
5 FIG. 306) may be attached. That is, the lower attachment member 3211, a curved hook-like
protrusion, may be inserted into the hole 3213 and tffereafter rotated 1o secure the lower
attachment member 3211 therein.
[00977] As is easily seen in FIG. 308, the glamp adapter 3212 also includes a latch
3214. The laich 3214 is pivotally mounted to thefclamp adapter 3212 via pivots 3216. The
10 latch 3214 may be spring biased via springs 3248 that are coupled to the hooks 3220. The
stop members 3219 prevent the latch 3214 frgm pivoting beyond a predetermined amount.
After the hole 3213 is positioned on the lowfr attachment member 3211, the clamp adapter
3212 may be rotated 1o bring the laich 3714 towards the upper attachment member 3210
such that the latch 3214 is compressed glown by the upper attachment member 3210 until
15 the protrusion 3215 snaps into a complementary space of the upper attachment member
3210. The hooks 3220 help secure thf clamp adapter 3212 to the pump 3202.
[00978] Fach of the Z-frame ._3207 for each of the pumps 3201, 3202, 3203 includes
a recessed portion 3223 on its upper portion 3205 (sec FIG. 306) and each pump 3201,
3202, 3203 includes a protrusigh 3224 (sce FIG. 309). A protrusion 3224 of one pumps
20 (e.g., pumps 3201, 3202, or 3703) may engage a recessed portion 3223 of another Z-frame
to enable the pumps 3201, 202, 3203 to be stacked on top of each other. Each of the
pumps 3201, 3202, 3203 igcludes a latch engagement member 3221 that allows anolhef one
of the pumps 3201, 3202/ 3203 1o be attached thereto via a latch 3222 (see FIG. 309). The
latich 3222 may includgfa smél] spring loaded flange that can “snap” into the space formed
25 under the latch engagfment member 3221. The latch 3222 may be pivotally coupled to the
lower portion 3206 ¢f the Z-frame 3207.
[00979] As ps seen FIG. 304, the latch 3222 of the Z-frame of pump 3201 may be
pulled to withdrfw a portion of the laich 3222 out of the space under the Jatch engagement
mehnbei’ 3221 Af the pump 3202, Thereafter, the pump 3201 may be rotated to pull the
30 protrusion 3224 of the pump 3201 out of the recessed portion 3223 of the Z-frame of pump
3202 such fhat the pump 3201 may be removed from the stack of pumps 3202, 3203 (sce
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[00980] Each of the pumps 3201, 3202, 3203 in\'h{les a top connector 3225 (see

FIG. 310) and a bottom connector 3226 (see FI1G. 309). T}e connectors 3225 and 3226
allow the stacked pumps 3201, 3202, and 3203 to compfunication between each other
and/or to provide power to each other. For example, if th

(see FIG. 303) fails, then the top pump 3201 and/or the

attery of the middle pump 3202
bottom pump 3203 may provide
power to the middle pump 3202 as a reserve while onf or more of the pumps 3201, 3202,
3203 is audibly 'a]armingv,
[00981] An example embodiment of the graghic user interface (hereafter GUI) 3300
is shown in FIG. 311. The GUI 3300 cnables a uger to modify the way that an agent may be
infused by customizing various programming pptions. For purposes of example, the GUl
3300 detailed as follows uses a screen 32$4 which is a touch screen as a-means of
interaction with & user. In other embodimenfs, the means of interaction with a user may be
different. For instance, alternate embodigients may comprise user depressible buttons or
rotatable dials, audible commands, etc. Jh other embodiments, the screen 3204 may be any
electronic visual display such as a, ligluid crystal display, L.E.D. display, plasma display,
etc. o ’ ’

[00982] As detailed in the
screen of the pumps 3203. Allfof the pumps 3201, 3202, 3203 may have their own

receding paragraph, the GUT 3300 is displayed on the

individual screen 3204 as shofn in FIGS. 303-305. In arrangements where one of the
pumps 3201, 3202, 3203 is bfing used to control all of the pumps 3201, 3202. 3203, only
the master pump may requjfe a screen 3204. As shown, the pump is seated in a 7-frame
3207. As shown, the GUI 300 may display a number of interface fields 3250. The interface
fields 3250 may displgly various information about the pump or infusion status, the
medication, ete. In sophe embodiments, the interface fields 3250 on the GUT 3300 may be
touched, tapped, etc fto navigate to different menus, expand an interface field 3250, input
data, and the like. The interface fields 3250 displayed on the GUT 3300 may change from
menu to menu.

[00983]

example embgdiment in FIG. 311 the display has a virtual power button 3260, a virtual start

¢ GUI 3300 may also have a number of virtual buttons. In the non-limiting

button 3262/ and a virtual stop button 3264. The virtual power button 3260 may turn the
pump 320¥, 3202, 3203 on or off. The virtual start button 3262 may start an infusion. The
virtual sypp button 3264 may pause or stop an infusion. The virtual buttons may be activated

by a ufer's touch, tap, double tap, or the like. Different menus of the GUI 3300 may
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comprise other virtual buttons. The virtual buttons m@@ keuomorphic to make their

functions more immediately understandable or recognizable./For example, the virtual stop
button 3264 may resemble a stop sign as shown in FIG. 30 ..In alternate embodiments, the
names, shapes, functions, number, etc. of the virtual button§ may differ.
[00984] As shown in the example embodimeny in FIG. 312, the interface fields
3250 of the GUI 3300 (see FIG. 311) may display

parameter input fields. For the GUI 3300 to display

number of different programming
he parameter input fields, a user may
be required to navigate through one or a numlfer of menus. Additionally, it may be
necessary for the user to enter a password bef0re the user may manipulate any of thé
parameter input fields.
[00985] In FIG. 312, a medication pframeter input field 3302, in container drug
amount parametér‘ input field 3304, total vflume in container parameter input field 3300,
concentration parameter input field 3308, dose parameter input field 3310, volume flow rate
(hereafter abbreviated as rate) parametef input field 3312, volume to be infused (hereafter
VTBI) parameter input field 3314, an { time parameter input field 3316 are displayed. The

parameters, number of parameters,

embodiments. In the example enfbodiment, the parameter input fields are graphically '

displayed boxes which arc sufstantially rcctangular with rounded corners. In other
embodiments, the shape and sizf of the paramcter input ficlds may differ. ’

[00986] In the exampl' embodiment, the GUI 3300 is designed to be intuitive and
flexible. A user may choosg/to populate a combination of parameter input fields which are
simplest or most convenight for the user. In some embodiments, the parameter input fields
left vacant by the user nfay be calculated automatically and displayed by the GUI 3300 as
long as the vacant fielgb do not operate independent of populated parameter input fields and
enough information gan be gleaned from the populated fields to calculate the vacant field or
fields. Throughout F1IGS. 312-316 fields dependent upon on another are tied together by
curved double-tipped arrows.

[00987]

in which a usef sets the type of infusate agent o be infused. In the example embodiment, the

e medication parameter input ficld 3302 may be the parameter input field
medication farameter input field 3302 has been populated and the infusate agent has been
defined as/f'0.9% NORMAL SALINE”. As shown, after the specific infusate has been set,
the GU1/3300 may populate the medication parameter input {ield 3302 by displaying the

name of the specific infusate in the medication parameter input field 3302.
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[00988] To set the specific infusate agent to\géx.@fu ed, a user may touch the
medication parameter input field 3302 on the GUI 3300. In fome embodiments, lhis‘may
cull up a list of different possible infusates. The user may Hrowse through the list until the
desired infusate is located. In other embodiments, touching the in medication parameter
input field 3302 may cull up a virtual keyboard. The usef may then type the correct infusale
on the virtual keyboard. In some embodiments, the usgr may only need to type only a few
letters of the infusate on the virtual keyboard beforg the GUI 3300 displays a number of
suggestions. Tor example, after typing “NQRE” the GUI 3300 may suggest
“NOREPINEPHRINE”. After locating the corrget infusate, the user may be required té
perform an action such as, but not limited tof tapping, double tapping, or touching and
~dragging the infusate. After the required actiofl has been completed by the user, the infusate
may be displayed'by the GUI 3300 in thf medication parameter input field 3302. For
another detailed description of another exafnple means of infusate selection see FIG. 322.
[00989] In the example embodimgnt in FIG. 312, the parameter input fields have
been arranged by a user to perform a yblume based infusion (for instance mL, mL/hr, etc.).
Consequentially, the in container dru£ amount parameter input field 3304 and total volume
in container parameter input field/3306 have been left unpopulated. The concentration ‘
parameter input ficld 3308 andfdosc parameter input ficld 3310 have also been left
unpopulated. In some embodirfients, the in container drug amount parameter input field
3304, total volume in containgr parameter input field 3306, concentration parameter input
field 3308, and dose paramefer input field 3310 may be locked, grayed out, or not displayed
on the GUI 3300 when sylh an infusion has been selected. The in container drug amount
parameter input field 3304, total volume in container parameter input field 3306,
concentration }-:)aramelvr input field 3308, and dose parameter input field 3310 will be
further elaborated upgh in subsequent paragraphs.

[00990]  Whep the GUI 3300 is heing used to program a volume base infusion, the
rate parameter inpfit field 3312, VIBI parameter input field 3314, and time parameter input
field 3316 do ngl operate independent of one another. A user may only be required to define
any two of thg/rate parameter input ficld 3312, VTBI parameter input field 3314, and time
parameter igput [ield 3316. The two parameters defined by a user may be the most
convenient/parameters for a user 1o sel. The parameter left vacant by the user may be
calculated automatically and displayed by the GUI 3300. For instance, if a user populates

the ratefparameter input ficld 3312 with a value of 125 mL/hr (as shown), and populates the

164



10

15

20

b
N

input field 3314, and time parameter input field 331

WO 2013/096909 CT/US2012/071490

VTBI parameter input field 3314 with a value of 10\()?)1\T1~I__< (asfshown) the time parameter
input field 3316 value may be calculated by dividing the val; in the VTBI parameter input
field 3314 by the value in the rate parameter input field 33 2 In the example embodiment
shown in FIG. 312, the quotient of the above calculatign, 8hrs and 0 min, is correctly
“populated by the GUI 3300 into the time parameter inputfield 3316.

[00991] For a user to populate the rate parametgr input field 3312, VTBI parameter
the user may touch or tap the desired
parameter input field on the GUI 3300. In some efnbodiments, this may cull up a number
pad with a range or number, such as 0-9 displayedfas individual sclectable virtual buttons. A
user may be required to input the parametey by individually tapping, double tapping,
touching and dragging, etc. the desired numbefs. Once the desired value has been-input by a
user, a user may be required to tap, double §p, etc. a virtual “confirm”, “‘enter”, etc. button
to populate the field. For another detailed/description of another example way of defining
numerical values see FIG. 322.
[00992] FIG. 313 shows a sfenario in which the infusion parameters being
programmed are not those of a volughe based infusion. In FIG. 313, the infusion profile is
that of a continuous volume/time d¢fse rate. In the example embodiment shown in FIG. 313,
all of the parameter input ficlds Yave been populated. As shown, the medication parameter
input ficld 3302 on the GUI J¥300 has been populated with “HEPARIN” as the defined
infusate. As shown, the in coftainer drug amount parameter input field 3304, total volume
in container input field 330

FIG. 313. Additionally,

/and concentration parameter input field 3308 are populated in
since a volume/time infusion is being programmed the dose
parameter input field 33J0 shown in FIG. 312 has been replaced with a dose rate parameter -
input field 3318.
[00993] The iyf container drug amount parameter input ficld 3304 is a two part field
in the example emjfodiment shown in FIG. 313. In the example embodiment in FIG. 313
the left ficld of thf in container drug amount parameter input field 3304 is a ficld which may
be populated with a numeric value. The numeric value may defined by the user in the same
manner as a yfer may define values in the rate parameter input ficld 3312. VIBI parameter
input field 3814, and time parameter input field 3316. In the example embodiment shown in
FIG. 313/ the numeric value displayed by the GUI 3300 in the in left field of the in

containey drug amount parameter input field 3304 is “25,000™.
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[00994] The parameter defined by the right Rl\d\({ th¢ in container drug amount
parameter input field 3304 is the unii of measure. To defing/ the right of the in container
drug amount parameter input field 3304, a user may touc the in container drug amount
parameter input field 3304 on the GUI 3300. In some empodiments, this may cull up a list
of acceplable possible units of measure. In such embodjments, the desired unit of measure
may be defined by a user in the same manner as a usgr may define the correct infusate. In
other embodiments, touching the in container drug afnount parameter input field 3304 may
cull up a virtual keyboard. The user may then type fhe correct unit of measure on the virtual
keyboard. In some embodiments the user may bg required to tap, double tap, etc. a virtual
“confirm”, “enter”, etc. button to populate thefleft field of the in container drug amount
parameter input field 3304.
[00995] Tii-some embodiments, incl ling the embodiment shown in FIG. 313, the
right field of the in container drug amount parameter input field 3304 may have one or more
acceptable values with may be dependght on the parameter input into one or more other
parameter input fields. In the examplf embodiment, the meaning of the unit of measure
“UNITS” may differ depending on tfe infusate set in the medication parameter input field.
The GUI 3300 may also automatic: ‘_ly convert the value and unit of measure in respectively
the left field and right ficld of thgfin container drug amount parameter input field 3304 to a
metric equivalent if a user inpyts a non-mctric unit of measure in the right field of the in
container drug amount param fer input field 3304.
[00996] The total volfme in container parameter input field 3306 may be populated
by a numeric value which efines the total volume of a container. In some embodiments, the
GUT 3300 may automatifally populate the total volume in container parameter input field

3306 based on data

Uc

nerated by one or more sensors. In other embodiments, the total
volume in container /parameter input field 3306 may be manually input by a user. The
numeric value may/defined by the user in the same manner as a user may define values in
the rate parametey input field 3312, VTBI parameter input field 3314, and time parameter
input field 3314. In the cxample embodiment shown in F1G. 313 the total volume in
comaiﬁer paraneter input field 3306 has been populated with the value *250” mlL. The total
volume in c¢fntainer parameter input field 3306 may be restricted to a unit of measure such

as mL as sffown.

[00997] The concentration parameter input ficld 3308 is a two part field similar to the
in contginer drug amount parameter input field 3304. In the example embodiment in F1G.
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313 the left field of the concentration parameter input Tiel_d\ 3308 is a field which may be
populated with a numeric value. The numeric value may deffned by the user in the same
manner as a user may define values in the rate parameter in ut field 3312, VTBI parameter
input field 3314, and time parameter input field 3316. In t
FIG. 313, the numeric value displayed by the GUI

t example embodiment shown in
300 in the in left field of the

concentration parameter input field 3308 is “1007.

[00998] The parameter defined by the rightffield of the concentration parameter

input field 3308 is a unit of measure/volume. To dffine the right field of the concentration
parameter input ficld 3308, a uscr may touch thef/concentration parameter input field 3308
on the GUI 3300. In some embodiments, this may cull up a list of acceptable possible units
of measure. In such embodiments, the desired/unit of measure may be defined by a user in

the same manner as a user may define the cprrect infusate. In other embodiments, touching

the concentration parameter input field 3308 may cull up a virtual keyboard. The user may
then type the correct unit of measure on jhe virtual keyboard. In some embodiments the user
may be required to tap, double tap, et¢f a virtual “confirm”, “enter”, etc. button to store the
selection and move on to a list of afceptable volume measurements. The desired volume:
measurement may be defined by a fiser in the same manner as a user may define the correct
infusate. In the example embodingent shown in FIG. 313 the right ficld of the concentration
parameter input field 3308 is populated with the unit of measure/volume “UNITS/mL”.

[00999] The in contain

container input field 330

r drug amount parameter input field 3304, total volume in
. and concentration parameter input field 3308 are not
independent of one anothgf. As such, a user may only be required to define any two of the
in container drug amounft parameter input field 3304, total volume in container input field
3306, and concentratio parameter input field 3308. For instance, if a user were to populate
the concentration pafameter input field 3308 and the total volume in container parameter
input field 3306, the in container drug amount parameter input field may he automatically
calculated and populated on the GUI 3300.

[001000] Yince the GUI 3300 in FI1G. 313 is being programmed for a continuous
volume/time dose, the dose rate parameter input field 3318 has been populated. The user
may define fhe rate at which the infusate is infused by populating the dose rate parameter
¥/ 3318. In the example embodiment in FIG. 313, the dose rate parameter input
is a two part field similar 10 the in container drug amount parameter input field

d concentration parameter input field 3308 described above. A numeric value may
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defined in the left field of the dose rate parameter inﬁt\ﬁgld 3718 by the user in the same
manner as a user may define values in the rate parameter i;p t field 3312. In the example
embodiment in FIG. 313, the left field of the dose rate para eter input field 3318 has been
populated with the value “1000™. ’
[001001] The right field of the dose rate parameter Anput field 3318 may define a unit
of measure/time. To define the right field of the dose rgte parameter input field 3318, a user
may touch the dose rate parameter input field 3318 ofthe GUI 3300. In some embodiments,
this may cull up a list of acceptable possible unity of measure. In such embodiments, the
desired unit of measure may be defined by a userfin the same manner as a user may define
the correct infusate. In other embodiments, tofiching the dose rate parameter input field
3304 may cull up a virtual keyboard. The usey/may then type the correct unit of measure on
the Vinual'keyboal"d. In some embodiments fhe user may be required to tap, double tap, etc.
a virtual “confirm”, “enter”, etc. button fo store the selection and move on to a list of
acceptable time measurements. The desifed time measurement may be defined by a user in
the same manner as a user may definf the correct infusate. In the example embodiment
shown in FIG. 313 the right field offthe dose rate paraméte’r input field 3318 is populated -
with the unit of measure/time “UNY 'S/hr”.

[001002] In the example ephbodiment, the dose rate parameter input field 3318 and
the rate parameter input field/3312 are not indepcndenf of one another. After a user
populates the dose rate paramgier input field 3318 or the rate parameter input field 3312, the
parameter input field left vagant by the user may be calculated automatically and displayed
by the GUI 3300 as long ¢ the concentration parameter input field 3308 has been defined.
In the example embodinfient shown in FIG. 313, the rate parameter input field 3312 has
been populated with gh infusate flow rate of “10 mL/hi”. The dose rate parameter input
field 3318 has been pppulated with “1000” “UNITS/hr”.

[001003] In the example emhodiment shown in FIG. 313 the VTBI parameter input
field 3314 and yfme parameter input field 3316 have also been po'pulated‘ The VTBI
parameter inputfficld 3314 and time parameter input ficld 3316 may be populated by a user
in the same ‘anner described in relation to FIG. 306. When the GUI 3300 is being
programmed/ to a continuous volume/time dose rate infusion, the VIBI parameter input
field 3314/and the time parameter input ficld 3316 are dependent on one another. A user

need to populate one of the VIBI parameter input field 3314 or the time
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parameter input field 3316. The field left vacant by the user may
AN
and displayed on the GUI 3300.

e calculated automatically

[001004] FIG. 314 shows a scenario in which th€ infusion parameters being
programmed are those of a drug amount based infusion hefein referred 1o as an intermittent
infusion. In the example embodiment shown in FIG. 314, all of the parameter input f{ields
have been populated. As shown, the medication paramefer input field 3302 on the GUI 3300
has been populated with the antiboitic “VANCOMY(IN" as the defined infusate.

[001005] As shown, the in container drug apfount parameter input field 3304, total
volume in container input field 3306, and concenjration parameter input ficld 3308 are laid
out the same as in FIG. 314. In the example emlfodiment in FIG. 308, the left field of the in
container drug amou‘nt parameter input field 304 has been populated with “17. The right
field of the in container drug amount paranfeter input field 3304 has been populated with
“0”, Thus the total amount of Vancomyciyf in the container has been defined as one gram.
The total volume in container parameter jhput field 3306 has been populated with “250” ml.
The left field of the concentration paragheter input field 3308 has been populated with 4.0
The right field of the concentration pgrameter input field hés been populated with “mg/mL”.-
[001006] As mentioned in relftion to other possible types of infusions which a user
may be capable of programming through the GUI 3300, the in container drug amount
parameter input field 3304, totfl volume in container input field 3306, and concentration
parameter input field 3308 are, dependent upon each other. As above, this is indicated by the
curved double arrows connegting the parameter input field names. By populating any two of
these parameters, the third/parameter may be automatically calculated and displayed on the
correct parameter input field on the GUI 3300.
[001007] In the e amplé embodiment in FIG, 314, the dose parameter input field 3310
has been populated. As shown, the dose parameter input field 3310 comprises a right and
left field. A numerjf value may defined in the n'ghl field of the dose parameter input field
3310 by the user jh the same manner as a user may define values for other parameter input
ficlds which define numeric values. In the cxample embodiment in F1G. 314, the left ficld
of the d()se pagameter input field 3310 has been populated with the value 10007

[001008]

mass measy

The right field of the dose parameter input field 3310 may define a unit of
rement. To define the right field of the dose parameter input ficld 3310, a user
the dose parameter input field 3310 on the GUI 3300. In some embodiments, this

] up a list of acceptable possible units of measure. In such embodiments. the desired
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unit of measure may be defined by a user in the same™manne
N

. . - N . 3
correct infusate. In other embodiments, touching the dose pafameter input field 3310 may

" as a user may define the
cull up a virtual keyboard. The user may then type the corre ‘unit of measure on the virtual
keyboard. In some embodiments the user may be required to tap, double tap, slide, etc. a
virtual “confirm”, “enter”, etc. button o store the sefection and move on to a list of
acceptable mass measurements. The desired mass meaghirement may be defined by a user in
the same mannér as a user may define the correct nfusate. In the example embodiment
shown in FIG. 314 the right field of the dose paragheter input field 3310 is populated with
the unit of measurement “mg”. '
[001009] As shown, the rate parameter input field 3312, VIBI parameter input field
3314, and the time parameter input field 33f6 have been populated. As shown, the rate
| parameter input field 3312 has been popujated with “125” mL/hr. The VIBI parameter
input field 3314 has been defined as “25¢”” mL. The time parameter input field 3316 has
been defined as “.2” hrs “00” min.

[001010] The user may not needy

input field 3310, rate parameter inpuy/field 3312, VIBI parameter input field 3314, and the -

to individually define each of the dose parameter
time parameter input field 3316. /As indicated by the curved double arrows, the dose
parameter input field 3310 and the VIBI parameter input field 3314 are dependent upon
each other. Input of one value nfay allow the other value to be automatically calculated and
displayed by the GUI 3300. fhe rate parameter input field 3312 and the time parameter
input field 3316 are also degfendent upon each other. The user may need to only define one
value and then allow the npn-defined value o be automatically calculated and displayed on
the GUI 3300. In some ginbodiments, the rate parameter input field 3312, VIBI parameter -
input field 3314, and tfe time parameter input field 3316 may be locked on the GUI 3300
until the in containey drug amount parameter input field 3304, total volume in container
parameter input fiell 3306 and concentration parameter input field 3308 have been defined.
These fields may pe locked because automatic calculation of the rate parameter input field
3312, VIBI pgrameter input ficld 3314, and the time paramecter input field 3316 is
dependenl upgh values in the in container drug amount parameter input field 3304, total
volume in ¢bntainer parameter input field 3306 and concentration parameter input field
3308.

[001011

weight

In scenarios where an infusate may require a body weight based dosage, a

arameter input ficld 3320 may also be displayed on the GUI 3300. The exal'nplc
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GUI 3300 shown on FIG. 315 has been arranged E.}th\dl g user may program a body
weight based dosage. The parameter input fields may be defiped by a user as detailed in the
above discussion. In the example embodiment, the infus: e. in the medication parameter
input field 3302 has been defined as “DOPAMINE”. The/left field of the in container drug
5 amount param/ele.r input field 3304 has been defined g “400”. The right field of the in
container drug amount parameter input field 3304 has been defined as “mg”. The total
volume in container pardmeter input field 3306 has been defined as “250” ml. The left field
of the concentration parameter input field 3308 hag/been defined as “1.6”. The right field of
the concentration parameter input ficld 3308 hgs been defined as “mg/mL”. The wcight
10 parameter input field 3320 has been defined g “90” kg. The left field of the dose rater
parameter input ficld 3318 has been definef as “5.0”. The right field of the dose rate
parameter input‘ field 3318 has been defingd as °
field 3312 has been defined as “16.9” mL/fr. The VTBI parameter input field 3314 has been
defined as “250”mL. The time parametey/input field 3316 has been defined as “14” hrs “48”

‘meg/kg/min”. The rate parameter input

15  min. _
[001012] To define the weight farameter input field 3320, a user may touch or tap the”
weight parameter input field 3320 ‘1 the GUI 3300. In some embodiments, this may cull up
a number pad with a range of nurgbers, such as 0-9 displayed as individual sclectable virtual
buttons. A user may be requirfd to input the parameter by individually tapping, double

20  tapping, touching and draggil':, etc. the desired numbers. Once the desired value has been
input by a user, a user may pe required to tap, double tap, etc. a virtual “confirm”, “enter”,
ete. button to populate the field.

[001013] As indicgled by the curved double arrows, some parameter input fields
displayed on the GUI 300 may be dependent upon each other. As in previous examples,

25 the in container dryle amount parameter input field 3304, total volume in container
paramieter input fielfl 3306, and concentration parameter input field 3308 may be dependent
upon each other. Ja FIG. 315, the weight parameter input field 3320, dose rater parameter
input ficld 3318/ ratc parameter input ficld 3312, VI'BI parameter input field 3314, and the
time p.aramet'r input field 3316 are all dependent upon each other. When enough

30  information Jfas been defined by the user in these parameter input fields, the parameter input
ficlds not pbpulated by the user may be automatically calculated and displayed on the GUI

3300.
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[001014] In some embodiments, a user may be reqﬁhfeg lgfdefine a specific parameter

input field even if enough information has been defined to augbmatically calculate the field.
This may improve safety of use by presenting more opportu i-lies for user input errors to be
caught. If a value entered by a user is not compatible witlf already defined values, the GUI
3300 may display an alert or alanm message soliciting t)fe user to double check values that
the user has entered.
[001015] In s‘ome scenarios the delivery of infusate may be informed by the body
surface area (BSA) of a patient. In FIG. 316, the/ GUI 3300 has been set up for a body
surface area based infusion. As shown, a BSA pafamecter input ficld 3322 may be displaycd
on the GUT 3300. The parameter input fields ghay be defined by a user as detailed in the
above discussion. In the example embodimehit, the infusate in the medication parameter
input field 3302 has been defined as “FLU OURACIL”. The left field of the in container
drug amount parameter input field 3304 has been defined as “17007. The right field of the in

container drug amount parameter inpul/ field 3304 has been defined as

¢1d 3306 has been defined as “S00™ ml. The left field

mg”. The total
volume in container parameter input f{i
of the concentration parameter input field 3308 has been defined as “3.4”. The ri cht field of
the concentration parameter inpuf/ficld 3308 has been defined as “mg/ml.”. The BSA
parameter input field 3320 has Ween defined as “1.77 m®. The left ficld of the dose rate
parameter input field 3318 hag been defined as “1000”. The right field of the dose rate
parameter input field 3318 ha been defined as “mg/m2/day”. The rate parameter input field
3312 has been defined as ¥20.8” mL/hr. The VTBI parameter input field 3314 has been
defined as “500”mL. The fime parameter input field 3316 has been defined-as “24” hrs “00”
min. The dependent pargmeter input fields are the same as in FIG. 309 with the exception
that the BSA ﬁaramet
field 3320.

" input field 3322 has taken the place of the weight parameter input

[001016] To opulate the BSA parameter input field 3322, the user may touch or tap
the BSA parametfr input field 3322 on the GUI 3300. In some embodiments, this may cull
up a number pgd with a range of numbers, such as 0-9 displayed as individual sclectable
virtual buttony. In some embodiments, the number pad and any of the number pads detailed
above may flso feature symbols such as a decimal point. A user may be required to input
the paramgter by individually tapping, double tapping, touching and dragging. etc. the
desired pambers. Once the desired value has been input by a user, a user may be required to

tap, dogible tap, etc. a virtual “confirm”, “enter”, etc. button 1o populate the field.

172



10

15

20

WO 2013/096909 ' PLT/US2012/071490

"~
[001017] In some embodiments, a patient’s BSA nﬁy\be afitomatically calculated and
displayed on the GUI 3300. In such embodiments, the GU} 300 may query the user for
information about the patient when a user touches, laps, etc the BSA parameter input field.
3322. For example, the user may be asked to define a pAtient’s height and body weight.
After the user defines these values they may be run thrgugh a suitable formula to find the
patient’s BSA. The calculated BSA may then be used jo populate the BSA parameter input
field 3322 on the GUI 3300.
[001018] In operation, the values displayed inf the pal'alneter input fields may change
throughout the course of a programmed infusion fo reflect the current state of the infusion.
For example, as the infusate is infused to a patight, the values displayed by the GUI 3300 in
the in container dlﬁg amount parameter inpfit field 3304 and total volume in.container
parameter input field 3306 may decline to gflect the volume of the remaining contents of
the container. Additionally, the values in ‘the VTBI parameter input field 3314 and time
parameter input field 3316 may also declfne as infusate is infused 1o the patient.
[001019] FIG. 317 is an examplf rate over time graph detailing the one behavioral
configuration of a pump 3201, 3202/ 3203 (see FIG. 303) over the course of an infusion.- -
The graph in FIG. 317 details an b_ample behavioral configuration of a pump 3201, 3202,
3203 where the infusion is a conyfinuous infusion (an infusion with a dose rate). As shown,
the eraph in FIG. 317 beging at the initiation of infusion. As shown, the infusion 1is
administered at a constant ratf for a period of time. As the infusion progresses, the amount
of infusate remaining is depleted. When the amount of infusate remaining reaches a pre-
determined threshold, an/ “INFUSION NEAR END ALERT” may be tn'ggered.. The
“INFUSION NEAR ENJP) ALERT” may be in the form of a message on the GUI 3300 and
may be accompanied y ﬂaéhing lights, and audible noises such as a series of beeps. The
“INFUSION NEAR f£ND ALERT” allows time for the care giver and pharmacy to prepare
materials 1o continye the infusion il necessary. As shown, the infusion rate may not change
over the “INFUSJON NEAR END ALERT TIMIE”.
[001020] hen the pump 3201, 3202. 3203 (scc FIG. 303) has infused the VIBl to a
patienf a “VTB1 ZERO ALERT” may be triggered. The “VTBI ZERO ALERT” may be in
the form of/a message on the GUI 3300 and may be accompanied by flashing lights and
audible ngfises such as beeps. As shown, the “VTBI ZERO ALERT” causes the pump to
a keep-vein-open (hereafter KVO) rate until a new infusate container may be put

ack. The KVO rate is a low infusion rate (for example 5-25ml./hr). The rate is set to
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keep the infusion site patent until a new infusiohﬁa‘y\be started. The KVO nrate is
configurable by the group (elaborated vupon later) or medicatigh and can be modified on the
pump 3201, 3202, 3203. The KVO rate is not allowed to :{ceed the continuous infusion
rate. When the KVO rate can no longer be sustained and aj
“AIR-IN-LINE ALERT” may be triggered. When the “AIR-IN-LINE-ALERT” is uiggered,
all infusion may stop. The “ATR-IN-LINE ALERT” mgly be in the form of a message on the

reaches the pumping channel an

GUT 3300 and may be ac‘companied by flashing light and audible noises such as beeps.
[001021] FIG. 318 shows another exampl
behavioral configuration of a pump 3201, 3202, 3203 (sce FIG. 303) over the course of an

rate over time graph detailing one
infusion. The graph in FIG. 318 details an example behavioral configuration of a pﬁmp
3201, 3202, 3203 where the infusion is a contjnuous infusion (an infusion with a dose rate).
The alerts in the"gi‘aph shown in FIG. 318 e the same as the alerts shown in the graph in
FIG. 317. The conditions which propagatf the alerts are also the same. The rate, however,
remains constant throughout the entire gfaph until the “AIR-IN-LINE ALERT” is triggered
and the infusion is stopped. Configurj » ¢ the pump (o continue infusion at a constant rate
may be desirable in situations whefe the infusate is a dmgk with a short half-life.” By
continuing infusion at a constant rgfte, it is ensured that the blood plasma concentration of '
the drug remains at therapeutically cffective levels.

[001022] "The pump 3201/3202, 3203 (scc FIG. 303) may also be used to deliver a
primary or secondary intermi fent infusion. During an intermittent infusion, an amount of a
drug (dose) is administered fo a patient as opposed to a continuous infusion where the drug
is- given at a specified doge rate (amount/time). An intermittent infusion is also delivered
over a defined period off time, however, the time period and dose are independent of one
another. The pfeviousl described FIG. 313 shows a setup of the GUI 3300 for a continuous
infusion. The previgfisly described FIG. 314 shows a setup of the GUI 3300 for an
intermittent infusiof.
[001023] FIfs. 319 is an example rate over time graph detailing the one behavioral
configuration offfa pump 3201, 3202, 3203 (scc F1G. 303) over the course of an intermittent
infusion. As shown, the intermittent infusion is given at a constant rate until all infusate
programmed/ for the intermittent infusion has been depleted. In the example behavioral
configuratjon, the pump 3201, 3202, 3203 has been programmed to issue a “VTBI ZERO

ALERTY and stop the infusion when all the infusaic has been dispensed. In this
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configuration, the user may be required to manually clearthe afert before another infusion
may be started or resumed.
[001024] Other configurations may cause a pump 320¥, 3202, 3203 (see FIG. 303) to
behave differently. For example, in scenarios where the injermittent infusion is a secondary
infusion, the pump 3201, 3202, 3203 may be conffgured to communicate with its
companion pumps 3201, 3202, 3203 and automatically/switch back to the primary infusion
after issuing a n.otificatioAn that the secondary intermfitent infusion has been completed. In
alternate configurations, the pump may be configufed issue a “VTBI ZERO ALERT” and
drop the infusion rate to a KVO rate after completing the intermitient infusion. In such
configurations, the user may be required to yhanually clear the alert before a primary
infusion is resumed.
[001025] A‘B‘(v)lus may also be deliveredf as a primary intermittent infusion when it may
be necessary or desirable to achieve a highgr blood plasma drug concentration or manifest a
more immediate therapeutic effect. In syth cases, the bolus may be delivered by the pump
3201, 3202, 3203 (see FIG. 303) efecuting the primary infusion. The bolus may be
delivered from the same container yhich the primary infusion is being delivery from. A
bolus may be performed at any pojit during an infusion providing there is enough infusate
to deliver the bolus. Any volume/delivered via a bolus to a patient is included in the value
displayed by the VIBI parametgh input field 3314 of the primary infusion.

[001026] Depending on V

The dosage of a bolus m

e infusate, a user may be forbidden from performing a bolus.
be pre-set‘ depending on the specific infusate being used.
Additionally, the period offtime over which the bolus occurs may be pre-defined depending
on the infusate being us¢d. In some embodiments, a user may be capable of adjusting these
pre-sets by adjusting yarious setting on the GUI 3300. In some situations, such as those
where the drug being infused has a long half-life (vancomyein, teicoplanin, etc.), a bolus
may he gfven as gfloading dose to more quickly reach a therapeutically effective blood
plasma drug concgntration.

[001027] 1G. 320 shows another ratc over time graph in which the flow rate of the
infusate has ben titrated 1o “ramp” the patient up on the infusate. Titration is often used
with drugs fvhich register a fast therapeutic effect, but have a short half life (such as
norepinepyfrine). When titrating, the user may adjust the delivery rate of the infusate until
the desijed lhérapeutic effect is manifested. Every adjustment may be checked against a

series Af limits defined for the specific infusate being administered to the patient. If an
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infusion is changed by more than a predefined pex’centage.\an alert may be issued. In the

exemplary graph shown in FIG. 320, the rate has been up-tifrated once. If necessaly, the
rate may be up-titrated more than one time. Additionally, i -cases where titration is being
used 1o “wean” a patient off of a drug, the rate may be doy/n-titrated any suitable number of
times.

[001028] FIG. 321 is another rate over time erfiph in which the infusion has been
configured as a multi—steb infusion. A multi-step infysion may be programmed in a number
of different steps. Fach step may be defined by a N'TBI, time, and a dose rate. Multi-step
infusions may be uscful for certain types of infusates such as those used for parentcrél
nutrition applications. In the example graph ghown in FI1G. 321, the infusion has been
configured as a five step infusion. The first flep infuses a “VTBI 17 for a length of time,
“Time 17, at a coﬁétant rate, “Rate 1”. Whep the time interval for the first step has elapsed,
the pump moves on to the second step of jhe multi-step infusion. The second step infuses a
“VTBI 2” for a length of time, “Time 27/ at a constant rate, “Rate 2. As shown, “Rate 27 is
higher than “Rate 1”. When the timefinterval for the second step has elapsed, the pump
moves on to the third step of the mulfi-step infusion. The third step infuses a “VTBI 3” for a
length of time, “Time 37, at a consfant rate, “Rate 3”. As shown “Rate 37 is the highest rate |
of any steps in the multi-step infyfsion. *“I'ime 37 is also the longest duration of any step of
the multi-step infusion. When/the time interval for the third step has clapsed, the pump
move on to the fourth step of fhe multi-step infusion. The fourth step infuses a “VTBI 4” for
a length of time, “Time 47, ft a constant rate, “Rate 4. As shown, “Rate 4 has been down-
titrated from “Rate 3. “Hate 47 is approximately the same as “Rate 2”. When the time
interval for the fourth syfp of the multi-step infusion has elapsed, the pump move on to the
fifth step. The.fiflh stgh infuses a “VTBI 57 for a length of time, “Time 57, at a constant
rate, “Rate 5. Ag shown, “Rate 57 has been down-titrated from “Rate 4”7 and is
approximately the same as “Rate 17.-

[001029] Thé “INFUSION NEAR END ALIERT” is triggered during the fourth step of
the cxample inffision shown in FI1G. 321. At the end.of the fifth and final step of the multi-
stép infusion, Ahe “VTBI ZERO ALERT is triggered. In the example configuration shown
in the graph/in FIG. 321, the rate is dropped to a KVO rate after the multi-step infusion has
d and the “VTBI ZERO ALLIRT” has been issued. Other configurations may
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[001030] Izach rate change in a multi-step inf@o\n\g‘ay e handled in a variety of
different ways. In some configurations, the pump 3201, 3202, 3203 (see FIG. 303) may
display a notification and automatically adjust the rate to m \}e on to the next step. In other
configurations, the pump 3201, 3202, 3203 may issue an flert before changing the rate and
wail [or confirmation from the user before adjusting the fate and moving on to the next step.
In such configurations, the pump 3201, 3202, 3203 ma} stop the infusion or drop to a KVO
rate until user confi nnatibn has heen received.
[001031] In some embodiments, the user fnay be capable of pre-programming
infusions. The user may pre-program an infusfon to automatically being after a fixed
interval of time has 'elapsed‘ (e.g. 2 hours). Zhe infusion may also be programmed to
automatically being at a specific time of day (e.g. 12:30 pm). In some embodiments, the
user may be capabie of programming the pufnp 3201, 3202, 3203 (see FIG. 303) to alert the
user with a callback function when it is fime to being the pre-programmed infusion. The
user may need to confirm the start of the pre-programmed infusion. The callback function
may be a series of audible beeps, flashjg lights, or the like.
[001032] In arrangements wherf there are more than one pump 3201, 3202, 3203 (sce
FIG. 303), the user may be able ‘, program a relay infusion. The relay infusion may be
programmed such that after a fifst pump 3201, 3202, 3203 has completed its infusion, a
second pump 3201, 3202, 3203 may automatically being a second infusion and so on. The
user may also program a rela /infusion such that the user is alerted via the callback function
before the relay occurs. Infsuch a pl'ogl'alnmed arrangement, the relay infusion may not
being until confirmation from a user has been received. A pump 3201, 3202, 3203 may
continue at a KVO rate yhtil user confirmation has been received.

[001033] FIG. 372 shows an example block diagram of a “Drug Administration
Library”. In the uppgr right hand corner there is a box which is substantially rectangular,
though its edges arf rounded. The box is associated with the name “General Settings”. The
“Cieneral Scttingy” may include settings which would be common to all devices in a facility
: ¢ (c.g. XZY Hospital), language, common passwords, and the like.
[001034] In FIG. 322, the “Drug Administration Library” has two boxes which arc
associated with the names “Group Settings (ICU)” and “Group Settings”. These boxes form
the headings for their own columns. These boxes may be used to define a group within a
facility

the de

.. pediatric intensive care unit, emergency room, sub-acute care, etc.) in which

ice is stationed. Groups may also be areas outside a parent facility, for example. a
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patient’s home or an inter-hospital transport such as an aﬁ}b_u\lan ¢. Each group may be used
to set specific settings for various gfoups within a facility (fveight, titration limits, etc.).
These groups may alternatively be defined in other mannery. For example, the groups may-
be defined by user training level. The group may be definef by a prior designated individual
or any of a number of prior designated individuals and ghanged il the associated patient or
device is moved from one specific group within a facilify to another.

[001035] In the example embodiment, the leff column is “Group Settings (ICU)”
which indicates that the peristaltic pump 2990 is sfationed in the intensive care unit of the

facility. The right column is “Group Settings” afid has not been further defined. In some

 embodiments, this column may be used to debignate a sub group, for example operator

training level. As indicated by lines extendingfto the box off to the left of the block diagram
from the “Group' settings (ICU)” and “Gybup Settings” columns, the settings for these
groups may include a preset number of default settings.

[001036] The group settings may fnclude limits on patient weight, limits on patient
BSA, air alarm sensitivity, occlusion gensitivity, default KVO rates, VTBI limits, etc. The

group settings may also include parameters such as whether or not a review of a

programmed infusion is necessaryffor high risk infusates. whether the user must identify

themselves before initiating an infusion, whether the user must enter a text comment after a

limit has been overridden, etc. £ user may also define the defaults for various attributes like
screen brightness, or speake' volume. In some embodiments, a user may be capable of
programming the screen to gutomatically adjust screen brightness in relation to one or more
conditions such as but notAimited to time of day. |

[001037] As also sfown to the left of the block diagram in FIG. 322, each facility may
have a “Master Medightion List” defining all of the infusates which may be used in the
facility. The “Mastef Medication List” may comprise a number of medications which a
qualified individugl may update or maintain. In the example embodiment, the “Master
Medication List”/only has three medications: Heparin, 0.9% Normal Saline, and Alteplase.
lzach group within a facility may have its own list of medications used in the group. In the
example emlfodiment, the “Group Medication List (1CU)” only includes a single
medication,

[001038]

clinical

Heparin.
As shown, each medication may be associated with one or a number of
ses. In FIG. 322 the “Clinical Use Records™ are defined for each medication in a

eroup jnedication list and appear as an expanded sub-heading for each infusate. The clinical
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os fgr each clinical use of the

o)

uses may be used to tailor limits and pre-defined setlin
infusate. For Heparin, weight basedb dosing and non-weighf based dosing are shown in
FIG. 322 as possible clinical uses. In some embodiments there may be a “Clinical Use
Record” setting requiring the user to review or re-enter a patient’s weight (or BSA) before
beginning an infusion.
[001039] Clinical uses may also be defined forfthe different medical uses of each
infusate (e.g. stroke, heart attack, etc.) instead of or ifl addition to the infusate’s dose mode.
The clinical use may also be used to define whether the infusate is given as a primary
continuous infusion, primary intermittent infusiofl, secondary infusion, etc. They may also
be use to provide appropriate limits on the dosefrate, VIBL, time duration, etc. Clinical uses

may also provide titration change limits, thf availability of boluses, the availability of
loading doses, and many other infusion spefific parameters. In some embodiments, it may
be necessary to provide at least one clinigal use for each infusate in the group medication
list.

[001040] Each clinical use may gdditionally comprise another expanded sub-heading

in which the concentration may also pe defined. In some cases, there may be more than one’

possible concentration of an infusy
base dosing clinical usc has g 400mg/250mL concentration and an 800 mg/250mL
concentration. The non-weighy based dosing clinical use only has one concentration,
400mg/mL. The concentration§ may also be used to define an acceptable range for instances
where the user may customfze the concentration of the infusate. The concentration setting
may include information ofi the drug concentration (as shown), the diluents volume, or other
related information.
[001041] In somc embodiments, the user may navigate 10 the “Drug Administration
Library” to populate fome of the parameter input fields shown in FIGS. 312-316. The user
may also navigate {b the “Drug Administration Library” to choose from the clinical uses for
cach infusate whyl type of infusion the peristaltic pump 2990 will administer. For example,
if a user were Jo sclect weight based Heparin dosing on F1G. 322, the GUI 3300 might
display the inflision programming screen shown on FIG. 315 with “Heparin” populated into
the medicatfon parameter input field 3302. Selecting a clinical use of a drug may also
prompt a fiser to select a drug concentration. This concentration may then be used to
populate/the concentration parameter input field 3308 (see FIGS. 312-316). In some

embodfments, the “Drug Administration Library” may be updated and maintained external
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to the peristaltic pump 2990 and communicated to the.. Qeri taltic pump 2990 via any
suitable means. In such embodiments, the “Drug Adminisfration Library” may not be
changeable on the peristaltic pump 2990 but may only pl: ¢ limits and/or constraints on
programming options for a user populating the parameter/input fields shown in FIG. 312-
316.

[001042] As mentioned above, by choosing a mfdication and clinical use from the
group medication list, a user may also be setting limfits on other parameter input fields for
infusion programming screens. For example, by/ defining a medication in the “Drug
Administration Library” a user may also be deffning limits for the dose parameter inpﬁt
field 3310, dose rate parameter input field 338, rate parameter input field 3312, VTBI
parameter input field 3314, time parameter igput field 3316, etc. These limits may be pre-
defined for each clinical use of an infusate prior to the programming of an infusion by a
user. In some embodiments, limits may hafe both a soft limit and a hard limit with the hard
limit being the ceiling for the soft limj. In some embodiments, the group settings may
include limits for all of the medicatiogfs available to the group. In such cases, clinical use
limits may be defined to further tailoythe group limits for each clinical usage of a particular

medication.

EXEMPYARY BATTERY AND SPEAKER TEST
[001043] Fig. 323 showsfa circuit diagram 13420 having a speaker 3615 and a battery

3420 in accordance with an gmbodiment of the present disclosure. The battery 3420 may be
a backup battery 3450 (Figl 325A) and/or the speaker 3615 may be a backup alarm speaker
3468 (Fig. 325B). That fs, the circuit 1342() may be a backup alarm circuit, for example, a
backup alarm circuit in/h medical device, such as a peristaltic pump 2900.

[001044] In sorfe embodiments of the present disclosure, the battery 3420 may be
tested simultaneousfy with the speaker 3615. When a switch 13422 is in an open position, a
voltmeter 13425 fnay be used 1o measure the open circuit voltage of the battery 3420.
Thereafter, the gwitch 13422 may be closed and the closed-circuit voltage from the battery
3420 may be fneasured. The internal resistance of the battery 3420 may be estimated by
using the knpwn impedance, Z, of the speaker 3615. A processor may be used to estimate
the internaf resistance of the battery 3420 (e.g., a processor of a peristaltic pump 2900). The
processo may correlate the internal resistance of the bautery 3420 to the battery’s 3420

health. /In some embodiments of the present disclosure, if the closed-circuit voltage of the
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battery 3420 is not within a predetermined range (the ranee \ma be a function of the open-
circuit voltage of the battery 3420)), thé speaker 3615 may be dftermined to have failed.
[001045] In some additional embodiments of the prese, t disclosure, the switch 13422
may be modulated such that the speaker 3615 is tested fsimultaneously with the battery
3420. A microphone 3617 may be used to determing if the speaker 3615 is audibly
broadcasting a signal within predetermined operating garameters (e.g., volume, frequency,
spectral compositions, eic.) and/or the internal impedance of the battery 3420 may be
estimated to determine if it is within predeterminedfoperating parameters (e.g., the complex
impedance, for example).  The microphone 3GA7 (Fig. 325C) may be coupled to the
processor. Additionally or alternatively, a test signal may be applied to the speaker 3615
(e.g., by modulating the switch 13422) and the speaker’s 3615 current waveform may be
mounitored by ah current sensor 13426 1o gdetermine the total harmonic distortion of the
speaker 3615 and/or the magnitude of the current; a processor may be monitored these
values using the current sensor 13426 o determine if a fault condition exists within the
speaker 3615 (e.g., the total harmoni¢/ distortion or the magnitude of the current are not
within predetermined ranges).

[001046] Various sine waves, periodic waveforms, and/or signals maybe applied to the -
speaker 3615 to measure its imgedance and/or to measure the impedance of the battery
3420. For example, a processof of a peristaltic pump 2900 disclosed herein may modulate
the switch 13422 and measurefthe voltage across the battery 3420 to determine if the battery
3420 and the speaker 3615 Was an impedvance within predetermined ranges; if the estimated
impedance of the battery 320 is outside a first range, the processor may determine thél the
battery 3420 is in a faulyLondition, and/or if the estimated impedance of the speaker 3615 is
outside a second rangg¢, the processor may determine that the speaker 3615 is in a fault
condition. Additionflly or alternatively, if the processor cannot determine if the battery
3420 or the speakey 3615 has a fault condition, but has determined that at least one exists in
a fault condition, fhe processor may issue an alert or alarm that the circuit 13420 is in a fault
condition. The processor may alarm or alert a user or a remote server of the fault condition.
In some embofliments of the present disclosure, the peristaltic pump 2990 will not operate

until the faull is addressed, mitigated and/or corrected.
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Electrical System .

[001047] The electrical system 4000 of the peristaltic\. ump 2990 is described in a
block schematic in Figs 324, 325A-325G. The electrical sys m 4000 controls the operation-
of the peristaltic pump 2990 based on inputs from the userfinterface 3700 and sensors 3501.
The electrical system 4000 may be a power system gbmprised of a rechargeable main
battery 3420 and battery charging 3422 that plugs into fne AC mains. The electrical system
4000 may be architected to provide safe operation with redundant safety checks, and allow
the peristaltic pump 2990 to operate in fail operativf modes for some errors and fail safe for
the rest.
ltiple processors is shown in Fig 324. In
one example, the electrical system 4000 is c¢gmprised of two main processors, a real time
processor 3500 and a User Interface and Safety Processor 3600. The electrical system may
also comprise a watch-dog circuit 3460, ﬁotor contro} elements 3431, sensors 3501 and
input/output elements. One main procegsor, referred to as the Real Time Processor (RTP)
3500 may controls the speed and positjon of the motor 3072 that actuates the plunger 3091,
and valves 3101,3111. bThe RTP 3400 controls the motbr 3072 based on input from the
sensors 3501 and commands fromfhe User Interface & Safety processor (UIP) 3600. The -
UIP 3600 may manage telecomnfunications, manage the uscr interface 3701, and provide
safety checks on the RTP 3500/ The UIP 3600 estimates the volume pumped based on the
output of a motor encoder 3438 and may signal an alarm or alert when the estimated volume
differs by more than a specfiied amount from a desired volume or the volume reported by
the RTP 3500. The watc- dog circuit 3460 monitors the functioning of the RTP 3500. If
the RTP 3500 fails to ¢lear the watch dog 3460 on schedule, the watch dog 3460 may
disable the motor cont oller,v sound an alarm and turn on failure lights at the user interface
3701.  The sensor 3430 may measure the rotational position of the cam shaft 3080 and the
plunger 3901. Thg/RTP 3500 may use the sensor inputs to control the motor 3072 position
and speed in a cfosed-loop controller as described below. The telecommunications may
include a WIF] Ariver and antenna to communicate with a central computer or accessorics, a
blheloblh drivr and antenna to communicate with accessories, tablets, cell-phones etc. and
a Near Field Communication (NFC) driver and antenna for RFID tasks and a bluetooth. In
I'IG. 324 fhese components are collectively referred to with the reference number 3721.
The userfinterface 3701 may include a display, a touch screen and one or more buttons 1o

commyhicate with the user.
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[001049] The detailed electrical connections and componefits of the electrical system

: Y
4000 are shown in Fig. 325A-325G. The sensors 3130, 353§, 3525, 3520and part of the

RTP 3500 are shown in Fig 325A. The sensors monitoring the peristaltic pump 2990 that.

are connected to the RTP 3500 may comprise the rotary position sensor 3130 monitoring
the cam shaft position and two linear encoders 3520, 3525 that measure the position of the
plunger 3091 as shown. One linear encoder 3520 myfeasures the position of the magnet
(3096A in Fig 268) upstream side of the plunger 3091. The other linear encoder 3525
measures the position of the magnet (3096A in Iifg 268) on the downstream side of the
plunger 3091. In another embodiment, the positigh of the plunger may be measured with a
single magnet and linear encoder. ~ Alternativgly, RTP 3500 may use output of only one
linear encoder if thé other fails. A thermisibr 3540 provides a signal to the RTP 3500
indicative of the infusion line 3210 tempeghture. Alternatively the thermistor 3540 may
measure a-temperature in the peristaltic pugp 2990.

[001050] As shown, the electricalf/system 4000 defines specific part numbers for

various components. For example, the thermistor 3540 is defined as a “2X SEMITEC

103JT-050 ADMIN Set THERMISTOR” These part numbers should not be construed as-

limiting in any way whatsoevgh. In different embodiments, suitable replacement

components may be used in placg/of the specific parts listed in the FIGS. 325A-325G. For
example the thermistor 3540 /may not be a “2X SEMITEC 103J1-050 ADMIN Set
THERMISTOR”, but rathef any suitable replacement thermistor 3540. In some
embodiments, the electricalf/system 4000 may comprise additional components. In some
embodiments the electrica system 4000 may comprises fewer components than the number
of components shown in/F1GS. 325A-325G

[001051] The twy infusion line sensors located downstream of the peristaltic pump
20990, an air-in-line s¢nsor 3545 and an occlusion sensor 3535 may be connected to the RTP
3500. An air-in-ligle sensor 3545 detects the presence of air in the section of infusion line
3210 near the ajf-in-line sensor 3545. In onc example, the air-in-line sensor 3545 may
comprisc an ulfra-sonic sensor 35458, a logic unit 3545A and a signal conditioning unit
3545C.

[001052] The occlusion sensor 3535 measures the internal pressure of fluid in the

infusion life 3535. In an example embodiment, the occlusion sensor 3535 may comprise a
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buffer 3535D. The data buffer chip 3535D may pro?ct\lh_e RTP 3500 from over-voltages

due to high forces form pressures applied to the force sensor 3555B.

[001053] The watchdog circuit 3460 is shown in Figs 25A-325C.  The watch dog.
circuit is enabled by an I12C command from the RTP 3500. /The watch dog circuit 3460 may
signal an error and disable the motor control 3430 if it 'oes‘nol receive a signal from the
RTP 3500 at a specified frequency. The watch dog cirfuit 3460 may signal the user via an
audible alarm. The audible alarm may be issued yla an amplifier 3464 and/or backup
speaker 3468. The watch dog circuit 3460 may fignal the user with visual alarm LEDs
3750 (shown in Fig 325D). In one embodiment, fhe RTP 3500 must “clear” the watch dog
circuit 3460 between 10 ms and 200 ms after Ahe watch dog circuit’s last clear. In one
embodiment, the watch dog circuit 3460 is gomprised of a window watchdog .3450A, a
logic circuit 3460B including one or more flip-flop sWitChes and an IO expander 3460C that
communicates with the RTP 3500 over an ‘2C bus. A backup battery 3450 provides power
to the watchdog circuit 3460 and backyp speaker system (which may comprise an audio
amplifier 3464, and a backup speaker 3468) in case the main battery 3420 fails. The backup
battery 3450 provides i)ower to thg/ RTP 3500 and UIP 3600 to maintain the internal-

timekeeping, which may be especjlly desirable when the main battery 3420 is changed. -
The RTP 3500 may also monitor
as the “FAIRCHILD FPEF1005 JOAD SWITCH” 3452 shown in FIG. 325A.

[001054] The RTP 350(/directly controls the speed and position of the motor 3072

¢ voltage of the backup battery 3450 with a switch such

which controls the position And speed of the plunger and valves. The motor 3072 may be
any of a number of typesfof motors including a brushed DC motor, a stepper motor or a
brushless DC motor. Infghe embodiment illustrated in Figs 325-325G, the peristaltic pump
2990 is driven by ab ushle.ss direct current (BLDC) servo motor 3072 where the rotary
position sensor 3130/measures the position of the cam-shaft. In one example embodiment,
the RTP 3500 receifres the signals from the hall-sensors 3436 of a brushless DC motor 3072
and does the calcflations to commutate power to the windings of the motor 3072 to achieve
a desired speedfor position. 'The commﬁtation signals arc sent to the motor driver 3430
which selectiyely connects the windings to the motor power supply 3434. The motor 3072
is monitorefl for damaging or dangerous operation via current sensors 3432 and a
¢ sensor 3072a.

‘The signals from the hall sensors 3436 may be supplied to both the RTP

3500 ghd to an encoder 3438. In one embodiment, three hall sensor signals are generated.
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Any two of the three hall signals are sent to the enc&ﬁ“&éﬁ& The encoder 3438 may use
these signals to provide a position signal to the UIP 3600. T}}e JIP 3600 estimates the total
volume of fluid dispensed by the peristaltic pump 2990 by in rpreting the position signal of .
the encoder 3438. The UIP 3600 estimates the total volue by multiplying the number of
complete cam-shalt revolutions times a given stroke volyme. ‘The. total volume: estimate of

the UIP 3600 assumes each plunger stroke supplies the given amount of fluid. The amount

of fluid supplied per stroke is determined empiricalfy during development and stored in
memory. Alternatively, each peristaltic pump 299/ may be calibrated during assembly to
establish the nominal volume / stroke that may/be stored in memory. The UIP 3600
“estimated volume may then be compared at regglar intervals to the expected volume from
the commanded therépy. In some embodimenfs, the interval between comparisons may be
shorter for specific infusates, for example shgfit-half life infusates. The therapy may specify,
among other parameters, a flow rate, a dur .ion, or a total volume to be infused (VTBI). In
any case, the expected volume for a proggimmed therapy at a given time during that therapy
may be-calculated and compared to thef/volume estimated by the UIP 3600. The UIP 3600
may signal an alert if ﬂlé difference petween UIP 3600 estimated volume and the therapy- -
expected volume is outside a prede, t}.ned threshold. The UIP 3600 may signal an alarm if -
the difference between UIP 360( / estimated volume and the therapy expected volume is
outside of another predefined thyts
[001056] The UIP 3600/ may also compare the estimated volume to the volume
reported by the RTP 3500. The UIP 3600 may signal an alert if the difference between UIP
3600 estimated volume ¢

threshold.  The UIP

d the RTP 3500 reported volume is outside a predefined
3600 may signal an alarm if the difference between UIP 3600
estimated volume and fle RTP 3500 reported volume is outside a second threshold.
[001057] In sonfe embodiments, the UIP 3600 may compare the RTP 3500 reported
volume to therapy ekpected volume and signal an alert if the two values differ by more than
a predefined threghold. The UIP 3600 may signal an alarm if the difference between the
RTP 3500 repyfted volume and the therapy cxpected volume .difl'cr by morce than a
prédeﬁned thifshold. The values of the alert and alarm thresholds may be different for
comparisong/hetween different sets of volumes including the UIP 3600 estimated volume,
the RTP 3800 calculated volume and the therapy expected volume. The thresholds may be
stored mfmory. The thresholds may vary depending on a number of other parameters, such

ot limited to, medication, medication concentration, therapy type, clinical usage,
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patient or location. The thresholds may be inc]udcdm}e,gﬁ S database and downloaded
from the device gateway server.
[001058] The slide élamp or slide occluder sensor 3 52 and the door sensor 3162
communicate with both the RTP 3500 and the UIP 3600 #s shown in Figs 325B, 325F. In
one embodiment the sensors are magnetic null sensors hat change stale when for example
the slide occluder 3200 is detected or the door latch hbok 3025C engages the pump body.
The RTP 3500 or the UIP 3600 may enable the mofor power supply 3434 only while the
processors receive signals indicating that the slidefoccluder 3200 is in place and the door
assembly 3021 is properly closed. »
[001059] An RFID tag 3670 (Fig 325C) pay be connected by an 12C bus to the UIP
3600 and to a near field antenna 3955. The RFID tag 3670 may be used by med-techs or
| other users or pei‘éonnel to acquire or store ififormation when the peristaltic pump 2990 is in
an unpowered state. The UIP 3600 may ftore service logs or error codes in the RFID tag
3670 that can be accessed by an RFID/reader. A med-tech, for example, could inspect
unpowered peristaltic pumps 2990 in glorage or evaluate non-functioning peristaltic pumps
2990 by using an RFID‘ reader to igferrogate the RFID tag 3670. In another example, a
med-tech may perform service onjthe peristaltic pump 2990 and store the related service
information in the RFID tag 3$70. The UIP 3600 may then pull the latest service
information from the RFID tag F670 and store it in memory 3605,
[001060] The main battgry 3420 may supply all the power to the peristaltic pump
2990. The main battery 342/ is connected via a system power gating element 3424 to the
motor power supply 3434./ All of the sensors and processors may be powered by one of the
several voltage regulatogs 3428. The main battery 3420 is charged from AC power via a -
battery charger' 3422 apd anVAC/DC converter 3426. The UIP 3600 may be connected to
one or more memory £hips 3605.
[001061] The JUIP 3600 controls the main audio system which comprise a main
speaker 3615 andfthe audio-chips 3610, 3612, The main audio system may be capable of
producing a ranfe of sounds indicating, for example, alerts and alarms. 'The audio system
may aiso proyide confirmatory sounds to facilitate and improve user interaction with the
touch screen/3755 and display 3725. The main audio system may include a microphone
3617 that jhay be used to confirm the operation of the main speaker 3615 as well as the
backup speaker 3468. The main audio system may produce one or more tones, modulation

sequenges and/or patterns of sound and the audio codec chip 3610 may compare the signal
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received from the microphone 3617 to the signal sent to the maiy speaker 3615. The use of
one or more tones and comparison of signals may allow the s; em to confirm main Speaker
3615 function independently of ambient noise. Alternativ y the UIP 3600 or the audio .
codec 3610 may conlirm that the microphone 3617 prodyfed a signal at the same time a
signal was sent to the speaker amplifier 3612.
[001062] The UIP 3600 may provide a range of djfferent wireless signals for different
uses. The UTP 3600 may communicate with the hospfital wireless network via a dual band
wifi using chips 3621, 3620 and 3622 and antennas/3720, 3722. The spatially diverse dual
antenna may be desirablc because it may be caplable of overcoming dead spots within a
room due to multiple paths and cancellation. Ajospital device gateway may communicate
DERS (Drug Error Reduction System), £CQI (Continuous Quality Imporvement),
prescriptions, elc. 10 the peristaltic pump 2990 via the wifi system.

[001063] The bluetooth system, usiflg the same chips 3621, 3620 and 3622 and

[$ 1]

antennas 3720, 3722, provides a convenjent method to connect auxiliaries to the peristaltic
pump 2990 that may include pulse-o fimeters, blood pressure readers, bar-code readers,
tablets, phones, etc. The bluetooth fiay include version 4.0’t0 allow low power auxiliaries-
which may communicate with the pfristaltic pump 2990 periodically such as, for example, a -
continuous glucosc meter that sen 5 an update once a minute,
[001064] The NFC syster
3724. The controller 3624 mfy also be referred to as an RFID reader. The NFC system

is comprised of an NFC controller 3624 and an antenna

may be used to read RFID/chips identifying drugs or other inventory information. The
RFID tags may also be usfd to identify patients and caregivers. The NEC controller 3624
may also interact with a fimilar RFID reader on, for example, a phone or tablet computer to
input information in udin‘(cy prescriptions, bar-code information, patient, care-giver
identities, ete. The NFC controller 3624 may also provide information to the phone or
tablet computers sufh as the peristaltic pump 2990 history or service conditions. The RIFID
antennas 3720 and 3722 or NI'C antenna 3724 may preferably be located around or near the
display screen, fo all interaction with the pump occurs on or near the screen face whether
reading an READ tag or interacting with the display touch screen 3725, 3735.

[001065]

medical d

The UIP 3600 may include a medical grade connector 3665 so that other
Aices may plug into the peristaltic pump 2990 and provide additional capabilities.

The congfector 3665 may implement a USB interface.
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[001066] The display 3700 includes the antenn@f&\’@o, 3722, 3725, the touch screen’
3735, LED indicator lights 3747 and three buttons 3760, 3\7 5, 3767. The display 3700
may include a backlight 3727 and an ambient light sen or 3740 to allow the screen.
brightness to automatically respond to ambient light. The first button 3760 may be the
“Power’” button, while another button 3765 may be an i 'usibn stop button. These buttons
3760, 3765, 3767 may not provide direct control of tife peristaltic pump 2990, but rather
provide a signal to the UIP 3600to either initiate orfterminate infusion. The third button
3767 will silence the alarm at the main speaker and/at the secondary speaker. Silencing the
alarm will not clear the fault, but will end the gudible alarm. The electric system 4000
described above, or an alternative embodiment of the electrical system 4000 described
above, may be used with any of peristalﬁc puryps with linear position sensors.

7 : Controls

[001067] The pumping algorithms pr vide substantially uniform flow by varying the
rotation speed of the motor 3072 over a ¢ghmplete revolution. At low flows, the motor 3072
tumns at a relatively high rate of speed dliring portions of the revolution when the plunger
3091 is not moving fluid toward the
nearly constant speed throughout thg revolution to minimize power consumption. At the
high flow rates, the motor 3072 r {ation rate is proportional to the desired the flow rate.
‘The pump algorithm use linear ghcoders 3520, 3525 (Fig. 325A) above the plunger 3091 w
measure volume of fluid pumpfed toward the patient. The pump algorithm use linear
encoders 3520, 3525 (Fig. 375A) above the plunger 3091, the rotation encoder 3130 (Fig.
325A) near the cam-shaft J080 and the air-in-line sensor 3545 downstream of the plunger
3091 10 detect one or mofe of the following conditions: downstream occlusions, upstream
occlusions/empty bag, Jeaks and the amount of air directed toward the patient.
[001068] One eghbodiment of the valve 3101, 3111 openings and plunger 3091
position is plotted iff Fig. 326. Three time periods are identified in Fig. 326 including a
refill 826, pressurfzation 8335 and deliver 840 period. In addition, period “A” occurs
between the prefsurization period 835 and Delivery period 840, andrpcriod “B” occurs
between the I Llivery period 840 and Refill period 830. The inlet valve position 820, outlet
valve posiligh 825 and plunger position 815 are plotied on a sensor signal over cam angle
eraph overfa complete cam shaft 3080 rotation.
The refill period 830 occurs while the inlet valve 820 is held off the infusion

line 3240 and the plunger 3091 is lifted off the infusion line 3210 by the plunger cam 3083.
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The refill period 830 ends and the pressurization period 833 begipis as the inlet valve 3101 is
closing. The plunger cam 3083 is full retracted during the pl\c urization period 835 to
allow the plunger 3091 to land on the filled infusion line 321 . The pressurization period
835 ends several cam angle degrees past the point where thf plunger cam 3083 reaches its
minimum value. After a waiting period “A”, the plunger 'am.3083 lifts until it reaches the
height where the plunger 3091 is expected to be. The ¢elivery period 840 beginsA when the
outlet valve 3111 starts to open and lasts until the out}ft valve 3111 closes again. The
plunger cam 3083 rotates causing the plunger 3091 jo descend during the delivery period
840 pushing fluid toward the patient.
[001070] The RTP 3500 may determine th¢/ volume of fluid delivered toward the
patient for each stroke based on signals from tife rotary encoder 3130 measuring the angle
of the camshaft 3080 and from the linear encpder 3525, 3520 measurements plunger 3091
position. The volume of each stroke may £ measured by subtracting the height of the
plunger 3091 at the end of the delivery pgriod 840 from the height of the plunger 3091 at
the end of pressurization period 835. Jhe height of the plunger 3091 may be determined
fl'om signals of one or both of the lingar encoders 3020, 302‘3 where the height
approximates the distance of the pl v hger tip 30911 from the platen 3022. The end of the
delivery period 840 and the end of the pressurization period 835 may be determined from
the rotary encoder 3130 measurjfig the angle of the crank shaft. The measured height
difference 845 may be empirighily associated with pumped volumes and the result stored in
a lookup table or in memory/in the controller. The volume vs. stroke table may be
determined during developfnent and be programmed into each peristaltic pump 2990 during
manufacture. Alternativgly, the measured change in plunger 3091 height may be calibrated
to pumped volume for gach peristaltic pump 2990 or pumping mechanism 3000 during the
manufacturing procegs
[001071) In offe embodiment, the pumped volume is calibrated plunger 3091 positions
as:
Vi=A+DB * (hp—hp)
where‘Vi is th pumbed volume, A and B are fitting coefficients, hp is the plunger 3091
e end of the pressurization period 835 and hy is the plunger 3091 position at
¢ delivery period 840. |
The speed of the motor 3072 varies with the flow rate and it varies over a

single yevolution for lower flow rates. In one example, the motor 3072 rotation is relatively
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constant for commanded flow rates above approximately 750 ml/fr. The motor 3072 speed
is controlled to relatively slower speeds during intake and de}v t flow rates for commanded
flow rates below approximately 750 ml/hr.
[001073] The motor 3072 moves at a constant speed dyfring the pressurization period
835 for all pumping rates. In one example the motor 3072/turns at the speed required (o
deliver fluid at the highest flow rate. In one example th¢/motor 3072 turns at 800°/second
during the pressurization period 835, which correspongs to the peristaltic pump 2990 to
delivering 1200 mL/Hr. Running the motor 3072 atfa fixed high speed during the
pressurization period 835 may advantageously minfmize no-flow periods which improves
uniformity of fluid flow. Running the motor 3072 at a fixed high speed during the
pressurization period‘835 may advantageously £reate a consistent measurement of the filled
infusion line 3210-height by compressing thefplastic walls of the infusion line 3210 at the
same rate each time. Not being limited to gfsingle theory, one theory holds that the plastic
infusion line 3210 continues to yield aftey/being compressed, which would produce a lower
height for the filled infusion line 3210 tfe longer the time between compression and
measurement. The plastic may exhibjf visco-elastic properﬁe‘s so that the amount of strain
in the plastic changes with the rate compression, which in turn would change the
sion line 3210.

LOW FLOW MODE

measured height of the plastic inf

[001074] The pumping/Algorithm to produce a desired flow rate may control motor
3072 speed differently durjhg the refill and delivery periods 830,840 for relatively lower
flow rates as compared t¢ higher flow.

[001075] In the lofv flow mode the motor 3072 is controlled during the delivery period
840 to control the capf-shaft 3080 position in order to produce a predefined volume
trajectory. The volfime trajectory is the volume of fluid delivered to the patient verses
time. The predefified volume trajectory usually occurs over many cam-shaft 3080 rotations,
so that the delivfry period 840 must deliver a full revolution’s worth of fluid at the
tr-eijeclbry spegd in the shorter delivery period 840.

[001076] The motor 3072 speed during the refill period 830 is adjusted to produce a
full infusigh line 3210 as measured at the plunger 3091 position at the end of the
pressurization period 835. The controller will slow the motor 3072 speed if the infusion

line 3240 is not full in the previous pump cycle. The refill period 830 is selected such that
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the plunger 3091 lifts off of the hard stop 3022A (Fig>7\7-i)<lo y (at lower flow rates) in

order to minimize cavitation and air bubble generation.

[001077] At all other times the motor 3072 spins at the .elivery Stroke Velocity. In

short, this is the velocity at which the cam shaft 3080 must/fcomplete a revolution in order to

keep up with the trajectory volume, limited to values gregfter than 500° per second.
HIGH FLLOW MODE

[001078] In high flow mode, the refill and deljvery periods 830, 84() occur at the

Delivery Stroke Velocity. 'The pressurization perjod 835 continues to occur at 800° per
second. The Delivery Stroke Speed is continuoybly updated based on the previous volume

measurement.

Delivery Stroke Velocity

[001079] The Delivery Stroke Velgfity is the velocity at which the cam shaft 3080
needs 10 rotate in order for the controll it 10 maintain the requested flow rate. This value is
limited to speeds greater than 500° pgh second (approx. 700 mL per Hr). This value is also
Jimited to less than the velocity regfired to maintain the requested flow rate in the case
where the peristaltic pump 2990 if only delivering 80 uls per stroke. This would be a
significant under-fill and likely fhe result of some issue upstream of the peristaltic pump
2990. The velocity 1s calculatghl using the current volume delivered, requested volume
delivered, previous stroke vgflume, and requested flow rate as pictured in Fig. 327.

A = TrajectoryVolume, at end of previous stroke

B = Measurefi Delivered Yolume, as of previous siroke

= Expectfd Stroke Volume

, o deg
= Cam Shaft Velocity, —-
seac
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[001080] In order to achieve a consistent flow rate, pgiticularly during low flow rate

deliveries, the rate at which the plunger 3091 descends mfust be controlled. The goal is to
keep the flow as continuous and as close to the trajecto Iy volume as possible. This is
complicated by periods where the peristaltic pump 2990 does not deliver (refill, pressurize,
ete). |
[0601081] To achieve continuous flow, at thefstart of the delivery stroke the volume
delivered as part of the previous stroke should b equal the trajectory volume. This ensures
‘a smooth initial delivery (avoiding an initial “fush’ to catch up). In order to accomblish this,
by the end of the previous stroke the peristajtic pump 2990 must have over-delivered by the
volume that is accrued during the Refill agd Pressurization 830, 835 phases. This Over-
Delivery volume is applied throughout tje delivery stroke, such that at the start none of it is
applied, but by the end the full volumefis added.
[001082] An additional considefation is the fill volume. Shown in Fig. 328 is a graph
of the volume dtf.livered' versus thefam angle over various fill volumes for several pump
cycles. In the case of a completelfy full pumping chamber (approx. 150 uLs). there is a spurt
of fluid as the outlet valve 311} first opens. Alternatively, in the case of fill volumes lower
than about 130 uLs, there is gftendency to pull fluid. Both of these occurrences negatively
affect flow continuity. In toftemper this, in some embodiments a target fill volume is set to
min‘imize these effects. | -
[001083] The grapfl in Fig. 328 shows multiple delivery strokes, with the volume
delivered normalized b 135 uls. Most of the stroke is repeatable, once adjusting for the fill
volume. The result of all of this is a third-order function that calculates a desired cam shaft
3080 angle given ¢ requestéd volume. See below for the pertinent equations.
Variables

- n = Currefit Delivery Stroke

i = Currfnt Motor Contral ISR cycle
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S, = Expected Volume Shertage of current stroke
T; = Current Target Volwme via Trajectory
Vy_q = Measured Delivered Volume as of completipn of previous delivery stroke
Q; = Target Volume to be Delivered at time {
Fy = Fractionof Stroke completed at time

0,
"
= Overhead Volume (Trajectory vohume infrease during nondelivery portions of cych

8; = Regquested Cam Shaft Angle

Llitvery stroke

8y = Inital Cam Shaft Angle at start of
EQUATIONS
Sn = £y - Ehi »

Gi=Ti =V

g; = f{Q‘ + 5)1 + OizFi:) + fg

[001084] In some embodingents, the motor 3072 velocity during the delivery stroke is
limited to no faster than the Dglivery Stroke Velocity. The result of this is that at high

speeds, the requested positiofl is always ahead of the speed-limited position. At lower flow
rates, the cam shaft 3080 pgsition quickly reaches the calculated position and subsequently

follows the above algoritfm.

Down-stream Occlusion Detection

[001085]. The dontroller may determine whether a downstream occlusion exists by
comparing the prefsures or forces measured at the occlusion detector 3535 (3068 in Fig.
257) during the delivery period 840, during the previous refill period 830 and the filtered
pressure data ffom previous pump cycles. Here a pufnp cycle is a complete revolution of
the cam-shaff 3080 producing a refill, pressurization and delivery period (830, 835, 840). A
downstrearh occlusion will be determined to exist by the processor il any one of several

s occur. The pressures or [orces measured by the sensor 35458 may be low pass

filteredffo reject spurious noise. In one embodiment, the low pass filter may reject-noise
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above 1000 Hz. A plot of filtered hypothetical pressuresover ti
where the pressure oscillates between lower pressures 850 w}e outlet valve 3111 (Fig.
259) is closed and high pressures 851 when the outlet valve 2 11 is open and flow is being
forced through the infusion line 3210 that is pressed againsy/the pressure sensor 3535B. A
downstream occlusion may create greater {low resistance As ﬂ‘uid is pushed toward the
patient resulting in higher peak pressures and/or higher pressures when the outlet valve
3111 is closed as the restricted fluid slowly flows pastfa partial occlusion.
[001086] A first example of a downstream occjusion test compares the measured
change in minimum pressure (Pyn) of the currentLycle to a constant value. If the change
in Py is greater than a predefined value, the copitroller will declare an occlusion. The
change in Py is the difference in the minimun pressure of the current pump cycle to the
minimum pressure of the previous pump cycfe Py -
[001087] - A downstream occlusion wi A be declared for cycle i, if P v ; exceeds a
first given threshold.
[001088] In another embodiment, fhe change in Py is calculated as a difference
between the current change in Py tgfthe filtered change.ih Py
v_f “ Pyt (1-D % Py

&S Uk
FPuamwi = Pyvi - P mivin

P v
where f is the weighting value fgf the newest data. In one example, the weighting value for
£is 0.05. If FPum; is greatef than a second given threshold, the controller may declare an
occlusion for cycle i.
[001089] In another e¢mbodiment, a downstream occlusion is declared when the sum of
the. changes in Py excegds a third given threshold, where the sum of the changes in Py 18
calculated as: |
IPyiv = Pumvi - Pr
where Py is the inftial pressure minus the minimum pressure. If TPy exceeds a third
given value, then fhe controller may declare an occlusion. » '
[001090] A forth cxémplc of a downstream occlusion test compares the maximum
pr'essufe to a pfinimum pressure (Pu) of the current pump cycle:

Ppi =Pyaxi - Pyvivia
where Pyyk 1 is the maximum pressure during the delivery period 840. The controller may

declare afdowristream occlusion if the  Pp; exceeds a forth given threshold.
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[001091] In the event of a downstream occlusion,\th\&.gonll' ler may command the

pump to backflow fluid through the peristaltic pump 2990 in oyfer to relieve the pressure on
the occlusion. It may be beneficial to relieve the pressure on 1e occlusion to avoid a bolus
of fluid to be directed to the patient when the occlusion is r¢lieved. In one example, the
occlusion may be cleared by unpinching or unkinking the/infusion line 3210 between the
peristaltic pump 2990 and the patient.

Upstream Occlusion / Air-in-Lifle Measurement
[001092] The controller may detect an upstreagh occlusion or determine the volume of
air pumped toward the patient based on the measufed volume per stroke and historical
volume per stroke average. The controller calcylates an under-deliver volume for each
stroke Vyp as:

Vupi

Vzwgi =fv*

I}

avgi— Vi

i+ (1-fv) * Vg

where fv is a weighting factor for the volyfime and V; is the volume of {luid pumped during

cycle i The controller maintains a bulffr of several Vup values, dropping the oldest one as

the newest Vyp 18 added; If the air-infline detector 3545 (3()66 in Fig 257) detects a bubble,.

the controller will assume the Vyp jfepresents an air bubble. If the air-in-line detector 3545

docs not detect air, then the Vyup i #5 assumed to be under-delivered volume. ‘The controller

may declare an upstream occlusjon, if Vup i is greater than a given value the air-in-line

detector 3545 does not detect #ir. The controller may determine the volume of air pumped

toward the patient and may glenal an alert if the air volume exceeds a first value over a first

time period and alarm if aif volume exceeds a second value over a second time period. In

one example, the controlfer calculates the volume of the air bubble (VguppLr) by summing

the under-deliver volupfes (‘VUD )) for each stroke when the air-in-line detector 3545 signals

the presence of air anfl some number of Vip; before the first detection of air:
Vpuppre=  Vubi

In one example, YpuspLr is calculated for each stroke when the air-in-line detector 3545

signals the presgnee of air and the three Vi before the first detection ol air.

(001 093] In an alternative embodiment, the controller calculates a under-deliver

volume for ¢fach stroke Vup; as:

Vipi=Vr-V;

where V£ is the nominal volume of one pump cycle that is stored in the controller. In this

alternafive embodiment, the controller calculates the total volume of the air bubble
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(Vrusprr) by summing the under-deliver volumes (Vﬁ)\[@_r eacl stroke when the air-in-
line detector 3545 signals the presence of air and some numb\er bf Vup i before the first
detection of air:

Veussz=  (Voni~ Vupy

Vb =V Vi +(1-v) ] Vb i

where  V'up; is the filtered value of Vyp and v is tjfe weighting average. In one example,
VpuspLe is calculated for each stroke when the air-ipfline detector 3545 signals the presence
of air and the three Vyp ; before the first detection gt air.

In one embodiment, each bubble volume Vgippif; is added to a buffer of bubble volumes

covering a set period of time and the sum of th¢ bubble volumes in the buffer are evaluated

against a standard: If the sum of the bubble yolumes exceeds a given threshold, then the

controller alarms for air in line. The contr fler may reverse the peristaltic pump 2990 to
pull the air back from the patient. In onegxample, the buffer captures the most recent 15
minutes of operation and the air volumg/threshold is set to a value between 50 and 1000 L
In one example, bubble volumes smalfer than a given value may Be counted in the
summation of the bubble volume. 1 one example, bubble volumes less than 10 1 may be
ignored. 'The air volume threshold may be user sctable. or may be part of the DERS data
that is downloaded from the devjce server gateway. The DERS and device server gateway
are described in detail in the cibss referenced non-provisional application for SYSTEM,
METHOD, AND APPARATUS FOR ELECTRONIC PATIENT CARE (ATTORNEY
DOCKET NO. J85).

Leak Test

[001094] A lezik is determined at the end of the pressurization period 835 by
monitoring the plunger 3091 position while the plunger L-shaped cam follower 3090 is not
resting on fhe plunger cam 3083 and the plunger tip 3091B is resting on the infusion line
3210. Iffhe plunger 3091 moves by more than a given value over a given time indicating

that flufl has leaked past the valves 3101, 3111, In one embodiment, the peristaltic pump
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2990 is stopped for half a second every six seconds z}th‘end of pressurization period 835
to monitor the plunger 3091 position to determine if a leak exjbts between the valves 3101,

3111.

State Diagram for Delivery of Fluid by thfe Peristaltic Pump

[001095] The state diagram for the software fhat controls the delivery of fluid is
pictured in Fig 330. The Delivery Top State (gapitalized phases herein may refer to
variables, processes, or data structures, etc, depenfling on context) is the SuperState for the
entire pump controller 3430 and comprises the Jdle State and the Running State. The Idle
State is entered upon starting the pump gontroller 3430, completing a delivery, or
stopping/aborting a delivery. The Running $tate is the SuperState for all states that involve
actuating the motor 3072 or performing a elivery. The Running State also handles Freeze
commands.

[001096] The Delivery State is (e SuperState for all states involving performing a
delivery. This state handles Stop cofnmands, which had two behaviors depending on the.
current state. If commanded during/an active delivery the peristaltic pump 2990 will finish -
delivery after current stroke is cgfpleted. If the peristaltic pump 2990 1s currently in the
freeze state, it will immediately ¢nd the delivery.

[001097] The Start Deliybr State signifies the beginning of a delivery cycle, or one
rotation of the cam shaft 3(80. The peristaltic pump 2990 will transition to one of three
states depending on-the cyfrent conditions. If enough time has elapsed since the previous
leak check, the Moving 1 Leak Check Position State is called. If the previous delivery was
frozen and aborted mig-stroke, the Moving o Plunger Down State is entered in order to
resume delivering whre the previous delivery ended. Otherwise, the motor controller 3430
transitions to the M¢lving to Pressurized Position State.

[001098] The/ Moving to Teak Check Position State commands the motor controller
3430 to move tofand hold position at the Valves Closed Plunger Down position. 'J.‘hc motor
3072 velocity f5 commanded to move at 800° per second. Upon receiving notification that
the cam shafyf3080 has reached the desired position the Pressurized Position measurement is
taken for v¢lume calculations and the Waiting for Leak Check State is called.

[001099] The Waiting for Leak Check State idles until a set amount of time has

elapsed/allowing the infusion line 3210 to settle and, in the case of a leak, fluid to escape
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the pumping chamber. Once the time has elapsed, the biunou 3091 position is measured
again and compared to the Plessuuzcd Position in order to de rmine the presence of a leak
condition. The Fault Detector is told that the delivery strok¢ is starting in order to monitor-
for air and occlusions and the Moving to Plunger Down Pofition State is called.

[001100] The Moving to Pressurized Position Staje commands the motor controller
3430 to move towards and send a notification upon peaching the Valves Closed Plunger
Down position. Tt will continue to move upon reaching this position until a new command 1s
issued. The motor 3072 velocity is commanded to rfove at 800° per second.

[001101] Upon receiving notification that the cam shaft 3080 has rcached the desired
position the Pressurized Position measuremeny is taken for volume calculations and the
Moving to Plunger Down Position State isfcalled. The Fault Detector is told that the
delivery stroke is ‘starting in order to monitoy for air and occlusions.

[001102] The Moving to Plunger Dpwn Position State controls the cam shaft 3080
position throughout the portion of the cgin shaft 3080 rotation that the outlet valve 3111 is
open. The cam shaft 3080 position is ¢ fntrolled in such a way as to attempt to keep the flow
as consistent as possible. During thif state, the motor 3072 velocity is again limited 1o no
ereater than the calculated Delive. Stroke Velocity. There are two paths by which the -
motor controller 3430 can exit thfs state. In the first case, the state is notified once the cam
shaft 3080 reaches the Outlet/Open Plunger Down position. Alternatively, if the total
delivery volume reaches the fcommanded volume during the stroke, the cam shaft 3080
position is frozen and the stgfe is notified that the stroke is complete.

[001103] Upon bein

Plunger Down position,/the plunger 3091 position is stored as the Post Delivery Position

notified that cam shaft 3080 has reached the Outlet Open

measurement and the Pault Detector is told that the delivery stroke is complete. Using this
measurement, the vofume delivered is calculated (using the calibration in Section 3). If the
peristaltic pump 2990 was stopped mid-stroke, the volume delivered is estimated using the
current position gnd the fill volume. Using the updated delivery vo]u.me information, the
updated Delivefy Stroke Velocity is calculated. Finally, in the case where the delivery
\'Olumé has bfen reached, the peristaltic pump 2990 calls the End Deliver State. Otherwise
the Mbving o Fill Position State is entered.

[001104]

move tofvards and send a notification upon reaching the Inlet Valve Open Plunger Up

The Moving to Fill Position State commands the motor controller 3430 to

(minus the Pre-Fill Window). It will continue to move upon reaching this position
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until a new command is issued. The motor 3072 vel\m‘\ﬂy is cymmanded to move at the
calculated Delivery Stroke Velocity. Once the desired p(}i on is reached, the Moving
Through Fill Position State is called.
[001105] The Moving to Fill Position State commanfls the motor controller 3430 to
move towards and send a notification upon reaching Yfe Inlet Valve Open Plunger Up

position (plus the Post-Fill Window). It will continue b move upon reaching this position

>,

until a new command is issued. The motor 3072 vefocity is commanded to move at the

calculated Refill Stroke Velocity (see Section 8.3). fhe Refill Stroke Velocity is calculated
upon entering this state prior to issuing a new motgh 3072 command.

[001106] Once the desired position is reachgd, the End Deliver State is called.
[001107] The End Deliver State checks if the delivery volume has been attained or a
stop has been requested. If so, the motor cofitroller 3430 enters the Idle State and the cam
shaft 3080 position is commanded to gofto the Inlet Valve Open Plunger Up position.
Otherwise the Start Deliver State is calledf, and a new delivery cycle begins.

[001108] The Freeze State is cgfled when the Running State processes a Freeze
command. The cam shaft 3080 posftion is frozen at its current position and the Fault.
Detector and Volume Iistimator are jotiﬁed that the delivery if frozen.

[001109] If a Resume Delivbry command is received while in the Freeze State, the
state machine is returned to the Atate which it was in prior to entering the Freeze State. The
Fault Detector and Volume Egtimator are both informed that the delivery is resuming. If a
Stop Delivery command is r¢ceived, the Idle State is called.

[001110] The Calibrgfion State is the SuperState for the states involved in calibrating
the cam shaft 3080 and pfunger 3091 positions. ‘
[001111] The Findling Home State performs the cam shaft 3080 calibration. Entering
this state, the IO Acgfess class is notified that a calibration is beginning so certain sensor
protections can- bef tumed off. The state receives a notification once the process is
completed. Uponfreceiving this notification, the calibration values are sent to the non-
volatile memor

[001112]

 Finally. the Moving to Home State is called.

The Moving 10 Home State simply commands the peristaltic pump 2990 to
move to thf Inlet Valve Open Plunger Up position. Upon reaching this position the
peristaltic pump 2990 returns to the Idle State.

[001113 Fig. 331 rates a possible state chart of the code to detect 1o detect a fault of

the perfstaltic pump 2990 and Fig. 332 illustrates a occlusion detection state chart o detect
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an occlusion of the peristaltic pump 2990 in accordancEWim an£mbodiment of the present
disclosure. Fig. 33 shows a feedback control loop to control\t e speed the peristaltic pump
2090 motor 3072 in a peristaltic pump 2990 in accordang,
present disclosure.

Software Architectur
[001114] The software architecture of the pfristaltic pump 2990 is shown
schematically in Fig 334. The software architecture/divides the software into cooperating
subsystems that interact to carry out the required pumping action. The software may be
equally applicable to all the embodiments describgd herein. The software may also be used
for other pump embodiments which may not bef described herein. Each subsystem may be
composed of one or inore execution streams cgntrolled by the underlying operating system.
Useful terms used-in the art include operating system, subsystem, process, thread and task.
[001115] - Asynchronous messages 130 are used to ‘push’ information to the
destination task or process. The sender pybeess or task does not get confirmation of message
delivery. Data delivered in this manngr is typically repetitive in nature. If messages are
expected on a consistent schedule, »
m?essage does not arrive on time.
[001116] Synchronous messfiges 4120 may be used to send a command to a task or
process, or to request (pull) infgfmation from a process or task. After sending the command
(or request), the originating tgfk or process suspends execution while awaiting a response.
The response may containfthe requested information, or may simply acknowledge the
receipt of the sent messagf. If a response is not received in a timely manner, the sending
process or task may timg out. In such an event the sending process or task may resume
execution and/or may gfenal ;an error condition.
[001117] An opfrating system (OS) is a collection of software that manages computer
hardware resourcesfand provides common services for computer programs. The operating
system acts as aif intermediary between programs and the computer hardware. Although
some applicatigh code is excecuted dircetly by the hardware, the application code may
fréque-mly maje a system call to an OS function or be interrupted by it.
[001118]

certificd 1¢fa safety level for medical devices. An RTOS is a multitasking operating system

The RTP 3500 runs on a Real Time Operating System (RTOS) that has been
at execuling real-time applications. Real-lime operating systems often use

that aimps
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behavior. The UIP 3600 runs on a Linux operating s@e\m,\Th Linux operating system is
a Unix-like computer operating system. '
[001119] A subsystem is a collection of software (anc perhaps hardware) assigned a-
specific set of (related) system functionality. A sybsystem has clearly defined
5  responsibilities and a clearly defined interface to other/subsysiems. A subsystem is an
architectural division of the software that uses one or mghre processes, threads or tasks.
[001120] A process is an independent executablg/ running on a Linux operating system
which runs in its own virtual address space. The fnemory management hardware on the
CPU may be used to enforce the integrity and isofation of this memory, by write protccting
10 code-space, and disallowing data access outsidefof the process’ memory region. Processes
‘can only pass data to other processes using intgf-process communication facilities.-
[001121] In Linux, a thread is a sepafately scheduled, concurrent path of program
execution. On Linux, a thread is always asgociated with a process (which must have at least
one thread and can have multiple threagls). Threads share the same memory space as its
15  ‘parent’ process. Data can be directly sifared among all of the threads belonging to a process
but care must be taken to properly syfichronize access to shared items. Each thread has an-
assigned execution priority. .
[001122] A task on an RTOY (Real Time Operating System) is a scparately scheduled,
concurrent path of program exglution, analogous to a Linux ‘thread’. All tasks share the
20  same memory address space Aich consists of the entire CPU memory map. When using an
RTOS that provides memory protection, each task’s effective memory map is restricted by
the Memory Protection Upit (MPU) hardware to the common code space and the task’s
private data and stack spgce.

[001123] The progesses on the UIP 3600, communicate via IPC calls as shown by the

b
(9,1

one-way arrows in Fig. 334. Each solid-lined arrow represents a synchronous message
4120 call and respofise, and dotted-line arrows are asynchronous messages 4130. The tasks
on the RTP 3500

bridged by an

imilarly communicate with each other. The RTP 3500 and TP 3600 are

abynchronous serial line 3601, with one of an InterComm Process 41 10 or
InterComm TAsk 4210 on each side. The InterComm Process 4110 presents the same

30 ‘communical'ons API (Application Programming Interface) on both sides of the bridee, so
all processfs and tasks can use the same method calls to interact.

The Executive Process 4320 may be invoked by the Linux system startup

scripts After all of the operating system services have started. The Executive Process 4320
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may then start the various executable files that compi'is?,\the sgfftware on the UIP 3600. If
any of the software components shoﬁld exit or fail unexp\e edly, the Executive Process
4320 may be notified, and may generate the appropriate alar
[001125] While the system is running, the Execuifve Process 4320 may act as a
software ‘watchdog’ for various system components. After registering with the Executive
process 4320, a process may be required to ‘check infor send a signal periodically to the
executive process 4320. Failure to ‘check in” at the rfquired interval may be detected by the
Executive Process 4320. Upon detection of a failed/subsystem, the Executive Process 4320
may take remedial action of cither: do nothing, geclaring an alarm, or restarting the failed
process. The remedial action taken may be predftermined by a table entry compiled into the
Executive Process 4320. The ‘check-in’ interyal may vary from process to process based in
part on the imb‘oﬁance of the process. JThe check-in interval may also vary during
peristaltic pump 2990 operation to opymize the pump controller 4256 response by
minimizing computer processes. In onf example embodiment, during tube loading, the
pump controller 4256 may check-in lesg frequently than during active pumping.

[001126] In response to the reguired check-in message, the Executive Process 4320
may return various system status "vems to processes that checked-in.  The system status
items may be the status of one orfnore components on the pump and/or errors. The system
status items may include: batterf status, Wiki connection status, device gateway connection
status. device status (Idle, Infyfsion Running, Diagnostic Mode, Error, Etc.), technical error
indications, and engineeringfog levels. ‘

[001127] A thread rugning in the Executive Process 4320 may be used to read the state
of the battery 3420 from/n internal monitor chip in the battery 3420. This may be done at a
relatively infreQuent inferval vsuch as every 10 seconds.
[001128] The I View 4330 may implement the graphical user interface (GUI),
rendering the displgly eraphics on the display screen 3725, and responding to inputs on the
touch-screen 3739 or other data input means. The Ul View 4330 design may be stateless.
The screen being displayed may be commanded by the Ul Model process 4340, along with
any vziriable lata to be displayed. The commanded display is refreshed periodically
regardless offdata changes.

[001129]

selection/list, check box etc.) may be specified by the screen design, and implemented

The style and appearance of user input dialogs (Virtual keyboard, drop down

entirely'by the UT View 4330. User input may be collected by the UT View 4330, and sent 1o
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the UI Model 4340 for interpretation. The Ul \;\DBSO may provide for multi-region,
multi-lingual support with facilities for the following lis;t\i cluding but not limited to:
virtwal keyboards, unicode strings, loadable fonts, right tofleft entry, translation facility.
(loadable translation files), and configurable numbers and date formats.

[001130] The UI Model 4340 may implement the sg cen flows, and so controi the user
experience. The US Model 4340 may interact with the JIT View 4330, specifying the screen
to display, and supply any transient values to be difplayed on the screen. Here screen
refers the image displayed on the physical display Acreen 3725 and the defined interactive
arcas or user dialogs i.c. buttons, sliders, keypadh etc, on the touch screen 3735. The Ul
from the UI View 4330, and may either
update the ﬂfalues on the current screen, commfland a new screen, or pass the request-to the
appropriate system service (i.e. ‘start pumpinf’ is passed fo the RTP 3500).

[001131] .  When selecting a medica fon to infuse from the Drug Administration
Library, the Ul Model 4340 may interactfvith the Drug Administration Library stored in the
local data base which may be part of the Database System 4350. The user’s selections may
setup the run time configurationsf/ for programming “and administering the desired. .
medication.
[001132] While the operatorfmay be entering an infusion program, the Ul Model 4340
relays the user’s input values to fhe Infusion Manager 4360 for validation and interpretation.
Therapeutic decisions may nof be made by the UI Model 4340, The treatment values may
be passed from the Infusion Manager 4360 to the UI Model 4340 to the Ul View 4330 to be
displayed for the user. v
[001133] The UI Model 4340 may continuously monitor the device status gathered
from the Infusion Marfager 4360 (current infusion_progress, alerts, door sensor 3163 and
slide clamp sensor 31562, ete.) for possible display by the UI View 4330. Alerts/Alarms and

other changes in syslem state may provoke a screen change by the UI Model 4340.

Additional Dosage Safety Software Algorithm(s)

[001134]

infusion dglivered by the peristaltic pump 2990. To start an infusion, the user may interact

‘The Infusion Manager Process (IM) 4360 may validate and control the

with the U1 View/Model 4330/4340 10 select a specific medication and clinical use. This
specifightion may select one specific Drug Administration Library (DAL) entry for use. The
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IM 4360 may load this DAL entry from the dalaba@\iﬂ,\ﬂ)r usf in validating and running
the infusion. v A
[001135] Once a Drug Administration Library entry is sg¢lected, the IM 4340 may pass
the dose mode, limits for all user enterable parameters, an

the UT Model 4340. Using this data, the Ul Model 4340

the default values (if set) up to
ayvguide the user in entering the
infusion program.
[001136] As each parameter is entered by the usfr, the value may be sent from the Ul
View/Model 4330/4340 to the IM 4360 for verification. The IM 4360 may echo the
parameters back to the UI View/Model 4330/4340, along with an indication of the
parameter’s conformance to the DAL limits. Thif may allow the Ul View/Model 4330/4340
to notify the user of ény values that are out of | )
[001137] When a complete set of valid parameters has been entered, the IM 4360 may
also return a valid infusion indicator, alloying the Ul View/Model 4330/4340 to present a
‘Start” control to the user. .
[001138] The IM 4360 may simulfaneously make the infusion/pump status available to
the UT View/Model 4330/4340 upon jequest. If the Ul View/Model 4330/4340 is displaying .
a ‘status’ screen, it may request thil."_data to populate it. The data may be a composite of the -
infusion state, and the pump state,
[001139]  When requested/to run the (valid) infusion, the IM 4360 may pass the
‘Infusion Worksheet” containifig user specified data and the ‘Infusion Template’ containing
DAL as a CRC’d binary block to the Infusion Control Task
500. The Infusion Control Task 4220 on the RTP 3500 may take

the read-only limits from ¢
4220 running on the RTP
the same user inputs, cogiversions and DERS inputs and recalculate the Infusion Worksheet.
The Infusion Control Thsk 4220 calculated results may be stored in a second CRC’d binary
block and compared fo the first binary block from the UIP 3600. The infusion calculations
performed on the YIP 3600 may be recalculated and double checked on the RTP 3500
before the infusiop is run.

[001140]

such as ml 1 ay be stored in the UIP 3600 memory or database system 4350. The

foctticients to convert the input values (i.e. 1. grams, %) (o a standard unit

coefficients fmay be stored in a lookup table or at specific memory locations. The lookup
table may £Lontain 10’s of conversion values. In order to reduce the chance that flipping a
single bjl will resulting in the wrong conversion factor being used, the addresses for the

3 \ : . - . - - A32
converfion values may be distributed among the values from zero to 4294967296 or 2.
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The addresses may be selected so that the binary a;;n\o-f‘\pne agldress is never just one bit
different from a second address.
[001141] While an infusion is running, the IM 436f) may monitor its progress,
sequences, pauses, restarts, secondary .infusions, bolusef and KVO (keep vein open)
scenarios as needed. Any user alerts requested during thefinfusion (Infusion near complete,
KVO callback, Secondary complete callback, etc) may e tracked and triggered by the IM
4360. '

[001142] Processes on the UIP 3600 may fommunicate with each other via a
proprictary messaging scheme based on a messfge queuc library that is available with
Linux. The system may provide for both acknofvledged (synchronous message 4120) and
unacknowledged (asynchronous message 4130) message passing.

[001143] Messages destined for the Regd-time Procéssor (RTP) 3500 may be passed 1o
the InterComm Process 4310 which may forward the messages to the RTP 3500 over a
serial link 3601. A similar InterComm Tjfsk 4210 on the RTP 3500 may relay the message
to its intended destination via the RTP |

[001144] The messaging schemg

00 messaging system.
used on this serial link 3601 may provide for error.
detection and retransmission of flayfed messages. This may be needed to allow the system
to be less susceptible to electrifal disturbances that may occasionally ‘garble’ inter-
processor communications.
[001145] To maintain a Lonsistent interface across all tasks, the message payloads
used with the messaging syftem may be data classes derived from a common baseclass
(MessageBase). This classAdds both data identity (message type) and data integrity (CRC)
to messages.
[001146] The Audfo Server Process 4370 may be used to render sounds on the system.
All user feedback sofnds (key press beeps) and alarm or alert tones may be produced by
playing pre-recordedl sound files. The sound system may also be used to play music or
speech if desired. _
[001147] Sbund requests may be symbolic (such as “Play High l’riorily Alarm
Sound”), with/the aélual sound file selection built into the Audio Server process 4370. The
ability to swfich to an alternative soundscape may be provided. This ability may be used to
customize fhe sounds for regional or linguistic differences.

The Device Gateway Communication Manager Process (DGCM) 4380 may

communications with the Device Gateway Server over a Wi-Fi network 3620,
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3622,3720. The DGCM 4380 may be started and morﬁ)mgl by tfle Executive Process 4320.

If the DGCM 4380 exits unexpecledly, it may be restarted \t}y the Lxecutive Process 4320
but if the failures are persistent the system may continue toffunction without the gateway
running.

It may be the function of the DGCM 4380 1o stablish and maintain the Wi-Fi
connection and to then establish a connection to the/Device Gateway. All interactions
between the DGCM 4380 and the Device Gatewgly may system such as the system
described in the cross-referenced nonprovisional gpplication for System, Method, and
Apparatus for Electronic Patient Care (Attorney Docket No. J85).

[001149] If the connection to the gateway s unavailable or becomes unavailable, the
DGCM 4380 may discontinue any transfers igfprogress, and attempt to reconnect the link.
Transfers may be resumed when the link is reestablished. Network and Gateway operational
states may.- be reported periodically to the £ xecutive Process 4320. The Executive Process
4320 may distribute this information for dhsplay to the user.

[001150] The DGCM 4380 may function as an autonomous subsystem, polling the
Device Gateway Server for updatesf and downloading newer items when available. In.
addition the DGCM 4380 may mo A_itor the logging tables in the database, uploading new -
log cvents as soon as they are gvailable. Events that are succcssfully uploaded may be
flagged as such in the databasg/ After a reconnection to the Device Gateway Server, the
DGCM 4380 may ‘catch up’/with the log uploads, sending all items that were entered
during the communications disruption. Firmware and Drug Administration Library updates
received from the Gatewapy may be staged in the UIP’s 3600 file system for subsequent
installation. Infusion prgerams, clinical advisories, patient identification and other data
items destined for the dfvice Vmay be staged in the database.
[001151] The DGCM 4380 may report connection status and date/time updates to the
Executive Process A320. There may he no other direct connections between the DGCM
4380 and any of fhe other operational software. Such a design decouples the operational
software from fhe potentially transient availability of the Device Gateway and Wi-Ii
nctwoﬂ<. »
[001152] The Motor Check 4383 software reads a hardware counter or encoder 3438
(Fig 325) Ahat reports motor 3072 rotation. The software in this module independently

estimatey the motor’s 3072 movements, and compares them to the expected motion based
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on the user inputs for rate of infusion. This is ani\nd&pendc t check for proper motor
control. However, the primary motor conirol software may & xecuted on the RTP 3500.
[001153] Event information may be written to a log fia the Logging Process 4386,
during normal operation. These events may consist internal machine status and
measurements, as well as therapy history events. Due (o jhe vblume and frequency of event
log data, these logging operations may be buffered infa FIFO queve while waiting to be
written to the database.

[001154] A SQL database (PostgreSQL) may We used to store the Drug Administration
Library, Local Machine Settings, Infusion Hpfstory and Machine Log data. Stored
procedures executed by the database server may/oe used to insulate the application from the
internal database structures. » , .

[001155] The database system 4350 mgy be used as a buffer for log data destined for
the Device Gateway server, as well as a st: ;in ¢ area for infusion settings and warnings sent
to the pump from the Gateway.

[001156] Upon requesting the stayf of an infusion, the DAL entry and all user selected
parameters may be sent to the Infusigh Control Task 4220. All of the DAL validations and.
a recalculation of the infusion rat and volume hased upon the requested dose may be -
performed. The result may be chefked against the results calculated by the IM 4360 on the
UIP 3600. These results may be fequired to match to continue.

[001157] When running #n infusion, the Infusion Control Task 4220 may control the
delivery of each infusion ‘segment’; i.e. one part of an infusion consisting of a volume and a
rate. Examples of segmenty are: a primary infusion, KVO, bolus, remainder of primary after
bolus, primary after titratfon, etc. |

The infusion segments fre seQuenced by the IM Process 4360 on the UIP 3600.

[001158] The Pymp Control task 4250 may incorporate the controllers that drive the
pumping mechanisgh. The desired pumping rate and amount (VIBI) may be specified in
commands sent frgm the Infusion Control Task 4220). »
[001159] The Pump Control 4250 may receive periodic sensor rcadings from the
Sensor Task 4764. The new sensor readings may be used to determine the motor 3072 speed
and positionfand to calculate the desired command to send to the Brushless Motor Control

IRQ 4262 /The receipt of the sensor message may trigger a recalculation of the controller

output.
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[001160] While pumping fluid, the Pump Conlr(ﬁa@_k 4250) may perform at least one

of the following tasks: controlling pumping speed, measun'r% olume delivered, measuring
air detected (over a rolling time window), measuring fluid pfessure or other indications of
occlusions, and detecting upstream occlusions.

[001161] Relevant measurements may be reporte to the RTP Status Task 4230
periodically. The Pump Control 4250 may execute one nfusion segment at a time, stopping
when the commanded delivery volume has been reacffed. The Sensor Task 4264 may read
and aggregate the sensor data used for the dynami¢ control of the pumping system. The
sensor data may include the rotary encoder 3150 measuring the cam-shaft, the lincar
encoders 3520, 3525 measuring the position of tife plunger 3091.

[001162] The sensor task 4264 may be jcheduled to run at a consistent 1 kHz rate
(every 1.0 ms) via a dedicated counter/timey/ After all of the relevant sensors are read, the
data may bé passed 1o the Pump Control Tghk 4250 via an asynchronous message 4120. The
periodic receipt of this message may befused as the master time base to synchronize the
pen'sl'allic pump’s 2990 control loops. |
[001163] The RTP Status Task A230 may be the central repository for both the state. .
and the status of the various tasks funning on the RTP 3500. The RTP Status Task 4230 -
may distribute this information tofooth the IM 4360 running on the UIP 3600, as well as to
tasks on the RTP 3500 itsclf.
[001164] The RTP Statug "l“ask 4230 may also be charged with fluid accounting for the
ongoing infusion. Pump stayfs and stops, as well as pumping progress may be reported to
RTP Status 4230 by the Pymp Control Task 4256. The RTP Status Task 4230 may account
for at least one of the foflowing: total volume infused, primary volume delivered, primary
VTBI (counted down), folume delivered and VTBI of a bolus while the bolus is in progress,
and volume deliveredfand VTBI of a secondary infusion while the secondary infusion is in
progress. ‘
[001165] Allfalerts or alarms originating on the RTP 3500 may be funneled through
the R'I'P Status”
[001166]

continually

ask 4230, and subsequently passed up to the UIP 3600.

hilé the unit is in operation, the program flash, and RAM memory m'ay be
>sted by the Memory Checker Task 4240. This non-destructive test may be
scheduled o that the entire memory space on the RTP 3500 is tested every few hours.

Additiond] periodic checks may be scheduled under this task if needed.
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[001167] Tasks running on the RTP 3500 may ‘t}%q}\]ired 0 communicate with cach
other as well as to tasks that are executing on the UIP 3600. A
[001168] The RTP messaging system may use a unifie ‘global addressing scheme 1o .
allow messages to be passed to any task in the system. Lgcal messages may be passed in
memory ulilizing the facilities of the RTOS’ message paséing, with off-chip messages
routed over the (asynchronous serial 3601) communicftions link by the InterComm Task
4210.

[601169] The InterComm Task 4210 may manfige the RTP 3500 side of the serial link
3601 between the two processors. It is the RTP 3500 equivalent of the InterComm Process
4310 on the UIP 3600. Messages received frgin the UIP 3600 may be relayed to their
destination on the RTP 3500. Outbound mess: v
4310 on the UTP 3600.

[001170] All messages between the

ges may be forwarded to InterComm Process
TP 3500 and the UIP 3600 may be checked for
data corruption using an error-detecting Lode (32 bit CRC). Messages sent over the serial
link 3601 may be re-sent if corruption fs detected. This provides a communications system |
that may be reasonably tolerant to EYD. Corrupted messages within the processor between.
processes may be handled as a harc r_system failure. All of the message payloads used with
the messaging - system may data classes derived from a common baseclass
(MessageBase) to assure consisténcy across all possible message destinations.

[001171] Brushless Motgh control 4262 may not run as a task; it may be implemented
as a strict foreground (intefrupt context) process. Interrupts may be generated from the
commutator or hall sensory’3436, and the commutation algorithm may be run entirely in the
interrupt service routine.
[001172] Figs. 334 and 336 illustrate the geometry of two dual-band antennas that may
be used with the perjstaltic pump 2990 in accordance with en embodiment of the present
disclosure. Tigs. 235 shows a top and a bottom view of the antenna, which may be
fabricated using /metallic layers on a substrate, such as is typically made when
manufacturing  printed circuit board. Fig. 336 may also be fabricated using a printed
circuit board nfanufacturin g method.

[001173] Various alternatives and modifications can be devised by those skilled in the
art withouy/departing from the disclosure. Accordingly, the present disclosure is intended to
embrace fall such alternatives, modifications and variances. Additionally, while several

embodjfments of the present disclosure have been shown in the drawings and/or discussed
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herein, it is not intended that the disclosure be 'l‘imil?d\il}ercl as 1t is intended that the
disclosure be as broad in scope as the art will allow and Ufat the specification be read
likewise. Therefore, the above description should not be ¢9 strued as limiting, but merely
as exemplifications of particular embodiments. And, thosf skilled in the art will envision

5 . other modifications within the scope and spirit of the/ claims appended hereto.  Other

elements, steps, methods and techniques that are ifsubstantially different from those
described above and/or in the appended claims are ajSo intended to be within the scope of
the disclosure.

[001174] The embodiments shown in the drfwings are presented only to demonstrate

10 certain examples of the disclosure. And, the dragings described are only illustrative and are |
non-limiting. In the drawings, for illustrative pirposes, the size of some of the elements may
be exaggerated and not drawn to a particuldr scale. Additionally, elements shown within
the drawings that have the same numberf may be identical elements or may be similar
elements, depending on the context.

15 [001175] Where the term "comprifing” is used in the present description and claims, it
does not exclude other elements or Ateps. Where an indefinite or definite article is used.
when referring to a singular noun, g a," "an," or "the,” this includes a plural of that noun -
unless something otherwise s sp Acifically stated. Hence, the term "comprising” should not
be interpreted as being restrict d to the items listed thereafter; it does not exclude other

20  elements or steps, and so the fcope of the expression "a device comprising items A and B"
should not be limited to deyices consisting only of components A and B. This expression
signifies that, with respecf to the present disclosure, the only relevant components of the
device are A and B. | |

[001176] Furtherghore, the terms "first,” "second.” "third,” and the like, whether used

b
N

in the description or i the claims, are provided for distinguishing between similar elements
and not necessarilyffor describing a sequential or chronological order. Tt is to be understood
that the terms so/fised are interchangeable under appropriate circumstances (unless clearly
disclosed otherfvise) and that the embodiments of the disclosure described hercin arc
capab[e of oberation in other sequences and/or arrangements than are described or

30  illustrated h¢frein.
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BACKGROUND

Relevant Field

[0001] The present disclosure relates to infusing fluid. More particularly, the
present disclosure relates to a system, method and apparatus for infusing fluid into a patient,
e.g., using a pump.

Description of Related Art

[0002] Providing patient care in a hospital generally necessitates the interaction of
numerous professionals and caregivers (e.g., doctors, nurses, pharmacists, technicians, nurse
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practitioners, etc.) and any number of medical devices/systems needed for treatment of a
given patient. Despite the existence of systems intended to facilitate the care process, such
as those incorporating electronic medical records (“EMR”) and computerized provider order
entry (“CPOE”), the process of providing comprehensive care to patients including ordering
and delivering medical treatments, such as medications, is associated with a number of non-
trivial issues.

[0003] Peristaltic pumps are used in a variety of applications such as medical
applications, especially fluid transfer applications that would benefit from isolation of fluid
from the system and other fluids. Some peristaltic pumps work by compressing or
sgueezing a length of flexible tubing. A mechanical mechanism pinches a portion of the
tubing and pushes any fluid trapped in the tubing in the direction of rotation. There are
rotary peristaltic pumps and finger peristaltic pumps.

[0004] Rotary peristaltic pumps typicaly move liquids through flexible tubing
placed in an arc-shaped raceway. Rotary peristaltic pumps are generally made of two to
four rollers placed on a roller carrier driven rotationally by a motor. A typical rotary
peristaltic pump has a rotor assembly with pinch rollers that apply pressure to the flexible
tubing at spaced locations to provide a squeezing action on the tubing against an occlusion
bed. The occlusion of the tubing creates increased pressure ahead of the squeezed area and
reduced pressure behind that area, thereby forcing a liquid through the tubing as the rotor
assembly moves the pinch rollers aong the tubing. In order to operate, there must aways be
an occlusion zone; in other words, at least one of the rollersis aways pressing on the tube.
[0005] Finger peristaltic pumps are made of a series of fingers moving in cyclical
fashion to flatten a flexible tube against a counter surface. The fingers move essentially
vertically, in wave-like fashion, forming a zone of occlusion that moves from upstream to
downstream. The last finger--the furthest downstream--raises up when the first finger--the
furthest upstream--presses against the counter surface. The most commonly used finger
pumps are linear, meaning that the counter surface isflat and the fingers are paraléd. In this
case, the fingers are controlled by a series of cams arranged one behind another, each cam
cooperating with a finger. These cams are placed helically offset on a shared shaft driven
rotationally by a motor. There are also rotary-finger peristaltic pumps, which attempt to
combine the advantages of roller pumps with those of finger pumps. In this type of pump,

the counter surface is not flat, but arc-shaped, and the fingers are arranged radialy inside
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the counter surface. In this case, a shared cam with multiple knobs placed in the center of

the arc is used to activate the fingers.

SUMMARY
[0006] A peristaltic pump, and related system method are provided. The peristaltic
pump includes a cam shaft, first and second pinch-valve cams, first and second pinch-valve
cam followers, a plunger cam, a plunger-cam follower, a tube receiver, and a spring-biased
plunger. The first and second pinch-valve cams are coupled to the cam shaft. The first and
second pinch-valve cam followers each engage the first and second pinch-valve cams,
respectively. The plunger cam is coupled to the cam shaft. The plunger-cam follower
engages the plunger cam. The tube receiver is configured to receive a tube. The spring-
biased plunger is coupled to the plunger-cam follower such that the expansion of the
plunger cam along a radial angle intersecting the plunger-cam follower as the cam shaft
rotates pushes the plunger cam follower towards the plunger and thereby disengages the
spring-biased plunger from the tube. A spring coupled to the spring-biased plunger biases
the spring-biased plunger to apply the crushing force to the tube.
[0007] In some embodiments, a dide occluder includes an RFID tag and the
infusion pump includes an RFID interrogator. A processor associated with (or in) the
infusion pump interrogates the RFID tag to determine if the slide oclcuder is authorized for
use. For example, the RFID tag may have an encryption key and/or authorized
identification value.
[0008] In some embodiments, a cam profile for an infusion pump may be shaped
such that rotation in any direction causes forward flow.
[0009] In some embodiments, an infusion pump may include a downstream occluder
to create a smooth fluid flow to the patient.
[0010] In some embodiments, the infusion pump may automatically prime, e.g., the
tube may have an RFID tag and/or a barcode that may be read by the pump, which the pump
uses to estimate a priming volume of the downstream tube automatically (for fluid flow
estimation, etc.)
[0011] In some embodiments, an infusion pump includes a resistive e ement that is
compressed against a tube. The infusion pump estimates the fluid pressure in accordance
with the resistance.
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[0012] In some embodiments, the infusion pump includes a temperature sensor to
estimate the temperature of the fluid within the tube. The infusion pump may correct for the
temperature of the tube and/or fluid in its fluid flow caculation (e.g., the delta fluid
estimation described below).
[0013] In some embodiments, a display on a pump Ul will display instructions how
to install the dlide occluder (e.g., when the ID in an RFID tag in an occluder is an
unauthorized ID, for example).
[0014] In some embodiments, an electronics module is attachable to an infusion
pump to control the pump. The electronics module may include an RF transceiver, a
battery, and a control component.
[0015] In some embodiment of the present disclosure, a peristaltic pump includes a
cam shaft, first and second pinch-valve cams, first and second pinch-valve cam followers, a
plunger cam, a plunger-cam follower, a tube receiver, a spring-biased plunger, a position
sensor, and a processor. The first and second pinch-valve cams are operatively coupled to
the cam shaft. The first and second pinch-valve cam followers are configured to engage the
first and second pinch-valve cams. The plunger cam is coupled to the cam shaft. The
plunger-cam follower is configured to engage the plunger cam. The tube receiver is
configured to receive a tube. The spring-biased plunger is coupled to the plunger-cam
follower such that expansion of the plunger cam along a radia angle intersecting the
plunger-cam follower as the cam shaft rotates pushes the plunger cam to disengage the
spring-biased plunger from the tube. A spring is coupled to the spring-biased plunger to bias
the spring-biased plunger to apply the crushing force to the tube. The position sensor is
operatively coupled to the spring-biased plunger configured to determine a position of the
spring-biased plunger. The processor is coupled to the position sensor and is configured to
estimate fluid flow of fluid within the tube utilizing the position using the position sensor.
[0016] The pump may include an angle sensor operatively coupled to the cam shaft
configured to determine an angle of rotation of the cam shaft.
[0017] The processor determines the first static region by identifying a peak
movement of the plunger as measured by the position sensor and identifies the second static
region to be after the identified peak. The processor may determine the first static region by
identifying the first static region within a predetermined range of angles as indicated by the
angle sensor. The processor may determine the second static region by identifying the
second static region within a second predetermined range of angles as indicated by the angle
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sensor.  The processor may determine the first and second static regions by measuring
position sensor at predetermined angles as indicated by the angle sensor.

[0018] The processor may compare a first static region measured by the position
sensor to a second static region measured by the position sensor to estimate the fluid flow.
The processor may determine the first static region by identifying a peak of the movement
of the position sensor and identifying the first static region after the identified peak. The
processor may determine the second static region by identifying an end of the first static
region.

[0019] In some embodiments, the pump also includes a balancer cam, a balancer-
cam follower, and a balancer spring configured to apply a force against the balancer-cam
follower and thereby apply a force from the balancer-cam follower to the balancer cam.
The balancer cam may be shaped to reduce a peak torque of the cam shaft as the cam shaft
rotates around its axis of rotation.

[0020] The pump may also include an electric motor operatively coupled to the cam
shaft to apply a rotational torque to the cam shaft. The electric motor may be a stepper
motor, a DC motor, a brushless DC motor, a brushed DC motor, an AC motor, a polyphase
induction motor, an electric motor with at least one permanent magnet coupled to a stator or
arotor, and an induction motor.

[0021] In another embodiment of the present disclosure, apumpincludes: a  first
layer; and a second layer at least partialy disposed adjacent to the first layer defining an
inlet fluid path, a bubble chamber, and an outlet fluid path. The inlet fluid path isin fluid
communication with the bubble chamber and the outlet fluid path isin fluid communication
with the bubble chamber. The pump also includes an assembly having a variable-volume
chamber, a reference chamber, and an acoustic port in operative communication with the
variable-volume and reference chambers such that the variable-volume chamber includes an
opening disposed around the bubble chamber on at least one of the first and a second layers.
[0022] The pump may include a plunger positioned to engage the bubble chamber.
[0023] The pump may include source of pressure and a fluid port coupled to the
reference chamber such that the source of pressure is in fluid communication with the fluid
port to apply at least one of a negative pressure and a positive pressure thereto.

[0024] In some embodiments, the pump aso includes: (1) a reference speaker

disposed within the reference chamber; a reference microphone disposed within the
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reference chamber; and a variable-volume microphone disposed within the variable-volume
chamber.
[0025] The pump may include a processor in operative communication with the
reference speaker, and the reference and variable-volume microphones. The processor may
be configured to control the speaker to generate a plurality of frequencies and sense the
frequencies through the reference and variable-volume microphones to estimate a volume of
the variable volume using the sensed frequencies from the reference and variable-volume
microphones. The processor may be further configured to estimate a flow rate of the pump
using the estimated volume of the variable volume.
[0026] In another embodiment of the present disclosure, a flow rate meter includes:
Q) afirst layer; (2) asecond layer at least partialy disposed adjacent to the first
layer defining an inlet fluid path, a bubble chamber, and an outlet fluid path, wherein the
inlet fluid path isin fluid communication with the bubble chamber and the outlet fluid path
is in fluid communication with the bubble chamber; (3) an assembly having a variable-
volume chamber, a reference chamber, and an acoustic port in operative communication
with the variable-volume and reference chambers, wherein the variable-volume chamber
includes an opening disposed around the bubble chamber on at least one of the first and a
second layers; (4) a reference speaker disposed within the reference chamber; (5) a
reference microphone disposed within the reference chamber; (6) a variable-volume
microphone disposed within the variable-volume chamber; and (7) a processor in operative
communication with the reference speaker, and the reference and variable-volume
microphones. The processor is configured to control the speaker to generate a plurality of
frequencies and sense the frequencies through the reference and variable-volume
microphones. The processor is further configured to estimate a volume of the variable
volume using the sensed frequencies from the reference and variable-volume microphones.
The processor is further configured to estimate a flow rate using the estimated volume of the
variable volume.
[0027] In yet another embodiment of the present disclosure, a peristaltic pump
includes a housing a motor, a cam shaft, a plunger, a pivot shaft, a plunger, a bias member,
a position sensor, and a processor. The cam shaft is operatively coupled to the motor such
that rotation of the motor rotates the cam shaft. The plunger cam is coupled to the cam shaft
for rotation therewith. The pivot shaft is operatively coupled to the housing. The plunger is
pivotally coupled to the pivot shaft, the plunger having a cam follower configured to engage
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the plunger cam of the cam shaft. The plunger is configured to pivot to afirst position to
compress a tube and to a second position away from the tube. The bias member is
configured to bias the plunger to the first position to compress the tube. The position sensor
coupled to the plunger to measure a position of the plunger. The processor is coupled to the
position sensor to estimate a volume of fluid discharged from the tube when the bias
member causes the plunger to move towards the first position.

[0028] The plunger and plunger cam may be configured to compress the tube using
only a force of the bias member. The plunger cam may be configured to only retract the
plunger to the second position. The plunger may be configured to engage the plunger cam
such that the plunger cam does not force the plunger against the tube. The plunger may be
any suitable shape, such as an L-shape or a U-shape, among other shapes.

[0029] The pump may further include an inlet valve and an outlet valve. The inlet
valve, the outlet valve, the plunger and the plunger cam may be configured to compress the
tube while the inlet and outlet valves are closed such that the processor can measure a first
position of the plunger using the position sensor. The inlet valve, the outlet valve, the
plunger and the plunger cam may be configured to open the outlet valve after the first
position of the plunger is measured to discharge fluid out of the tube through the outlet
valve. The processor may be configured to measure a second position of the plunger using
the position sensor after the outlet valve is opened. The processor may compare the first
measured position to the second measured position to determine an amount of fluid
discharged through the outlet valve. The inlet valve and the outlet value may be spring
biased against the tube.

[0030] The inlet valve may include an inlet-vave cam follower configured to
interface an inlet-valve cam coupled to the cam shaft. The outlet valve may include an
outlet-valve cam follower configured to interface an outlet-valve cam coupled to the cam
shaft.

[0031] In another embodiment of the present disclosure, a pump includes a housing,
adoor, acarier, and alever. The housing has afirst slot. The door is pivotally coupled to
the housing and has a platen configured to receive atube. The door is configured to have a
closed position and an open position. The door includes a second slot. The carrier has a
pivot defining first and second portions pivotally coupled together. The first portion is
dlidingly disposed within the first slot of the housing, and the second portion is slidingly
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disposed within the second slot of door. The lever handle is pivotally coupled to the door
and is operatively coupled to the carrier.

[0032] In some embodiments, when the door is open, the first portion of the carrier
is disposed within the first slot and the second portion of the carrier is disposed within the
second dlot, and the first and second portions of the carrier are disposed orthogonal to each
other away from a pivot point when the door is open.

[0033] The peristaltic pump may be configured such that when the door is shut, the
first and second portions of the carrier are positioned adjacent to each other such that the
carrier is slidable within the first and second slots as the lever handle moves.

[0034] The second portion may be configured to receive a slide occluder coupled to
the tube in the occluded position when the door is in the open position. The door and lever
handle may be configured such that when the door is in the closed position, movement of
the lever handle moves the first and second portions of the carrier towards the first slot to
thereby move the slide occluder into the unoccluded position.

[0035] In some embodiments, a plunger is configured to compress the tube in the
platen when the door is closed. The lever handle is operatively coupled to the plunger to lift
the plunger away from the tube when the lever handle is in an open position and to actuate
the plunger towards the tube when the lever handleisin a closed position.

[0036] The second portion may be configured to receive a slide occluder coupled to
the tube in the occluded position when the door is in the open position. In some
embodiments, the door may includes a leaf spring such that the door is configured to latch
onto the housing when the door is in the closed position and the lever handle is pivoted
against the door such that the leaf spring compresses the door against the housing.

[0037] In some additional embodiment, a pump includes. (1) a motor means for
rotating; (2) a cam means coupled to the motor means for rotating; (3) a plunger means for
compressing against atube; and (4) avolume measurement means for estimating a volume
of fluid discharged through the tube.

BRIEF DESCRIPTION OF THE DRAWINGS
[0038] These and other aspects will become more apparent from the following
detailed description of the various embodiments of the present disclosure with reference to

the drawings wherein:
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[0039] Fig. 1 shows block diagram of a system for infusing liquid in accordance
with an embodiment of the present disclosure;

[0040] Fig. 2 shows a block diagram of a pump for infusing liquid of the system of
Fig. 1 in accordance with an embodiment of the present disclosure;

[0041] Fig. 3 shows severa stages illustrating a method for operating a plunger
pump in conjunction with an AVS assembly in accordance with an embodiment of the
present disclosure;

[0042] Fig. 4 shows several stages illustrating a method for operating a plunger
pump in conjunction with an AV'S assembly in accordance with another embodiment of the

present disclosure;

[0043] Fig. 5 shows severa stages illustrating a method for using a plunger pump
having an AV'S assembly in accordance with an embodiment of the present disclosure;
[0044] Fig. 6 shows severa stages illustrating a method for using a plunger pump
having an AV S assembly in accordance with an embodiment of the present disclosure;
[0045] Fig. 7 shows severa stages illustrating a method for using a plunger pump
having an AV'S assembly in accordance with an embodiment of the present disclosure;
[0046] Fig. 8 shows a plunger pump with an actuator inside the variable volume for
use with a standard IV set tubing in accordance with an embodiment of the present
disclosure;

[0047] Fig. 9 shows several views of a cam-driven linear peristaltic pump having

pinch valves and a plunger inside a variable volume in accordance with an embodiment of

the present disclosure;

[0048] Fig. 10 shows a plunger pump for use within astandard 1V set tubing with an
actuator outside of the variable volume in accordance with an embodiment of the present
disclosure;

[0049] Fig. 11 shows severa views of a cam-driven linear peristaltic pump having

pinch valves and a plunger inside a variable volume with a corresponding cam mechanism
outside of the variable volume in accordance with an embodiment of the present disclosure;
[0050] Fig. 12 shows a plunger pump having a plunger inside a variable volume
with an actuator outside of the variable volume in accordance with an embodiment of the
present disclosure;

[0051] Fig. 13 shows a cam-driven linear peristaltic pump having a plunger inside a
variable volume with a corresponding cam mechanism outside of the variable volume and
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pinch valves on the housing of the variable volume in accordance with an embodiment of
the present disclosure;
[0052] Fig. 14 shows a plunger pump having a plunger inside a variable volume and
pinch valves outside of the variable volume in accordance with an embodiment of the
present disclosure;
[0053] Fig. 15 shows several views of a cam-driven linear peristaltic pump having a
plunger inside a variable volume with a corresponding cam mechanism and pinch valves
outside of the variable volume in accordance with an embodiment of the present disclosure;
[0054] Fig. 16 illustrates occlusion detection using a plunger pump having an AVS
assembly and a spring-biased pinching mechanism inside the variable volume in accordance
with an embodiment of the present disclosure;
[0055] Fig. 17 shows a pump with a spring-loaded plunger within a variable volume
of an AV'S assembly with an actuated plunger outside of the variable volume in accordance
with an embodiment of the present disclosure;
[0056] Fig. 18 shows a linear peristaltic pump with pinch valves and a cam shaft
disposed within a variable volume of an AVS assembly having spring-biased pinching
mechanism disposed therein, and a plunger and a pinch valve outside of the variable volume
in accordance with an embodiment of the present disclosure;
[0057] Fig. 19 shows a linear peristatic pump with pinch valves and a plunger
disposed outside of a variable volume of an AVS assembly in accordance with an
embodiment of the present disclosure;
[0058] Fig. 20 shows a the stages of a plunger pump having a an optical sensor or
camera to measure the volume within a tube residing within a chamber in accordance with
an embodiment of the present disclosure ;
[0059] Fig. 21 shows a plunger pump having a chamber having an optical sensor to
estimate fluid volume of a tube having a spring-biased pinch mechanism around the tube
and a plunger and pinch valves in accordance with an embodiment of the present disclosure;
[0060] Fig. 22 shows a plunger pump having a chamber with an optical sensor to
estimate fluid volume of a tube having a spring-biased pinch mechanism around the tube
and a plunger and pinch valves outside the chamber in accordance with an embodiment of
the present disclosure;
[0061] Fig. 23 shows several views of a plunger pump having an AVS assembly
with pinch valve disposed within the variable volume of the AV S assembly, and a plunger
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and pinch valve disposed outside the variable volume in accordance with an embodiment of
the present disclosure;

[0062] Fig. 24 shows an two cross-sectional views of the plunger pump of Fig. 23 in
accordance with an embodiment of the present disclosure;

[0063] Fig. 25 shows an dternative two cross-sectional views of the plunger pump
of Fig. 23 in accordance with an embodiment of the present disclosure;

[0064] Fig. 26 illustrates the stages during normal operation of a plunger pump
having a spring-biased plunger in accordance with an embodiment of the present disclosure;

[0065] Fig. 27 illustrates the stages for detecting an occlusion for a plunger pump
having a spring-biased plunger in accordance with an embodiment of the present disclosure;

[0066] Fig. 28 illustrates the stages for leakage detection for a plunger pump having
a spring-biased plunger in accordance with an embodiment of the present disclosure;

[0067] Fig. 29 illustrates the stages for detecting a failed valve and/or bubble
dection for a plunger pump having a spring-biased plunger in accordance with an
embodiment of the present disclosure;

[0068] Fig. 30 illustrates the stages for empty reservoir detection and/or upstream
occlusion detection for a plunger pump having a spring-biased plunger in accordance with

an embodiment of the present disclosure;

[0069] Fig. 31 illustrates the stages for free-flow prevention for a plunger pump
having a spring-biased plunger in accordance with an embodiment of the present disclosure;
[0070] Fig. 32 illustrates the stages for a negative pressure valve check for a plunger
pump having a spring-biased plunger in accordance with an embodiment of the present
disclosure;

[0071] Figs. 33--34 show views of a plunger pump having a cam shaft 671 that

traverses the variable volume of an AVS assembly in accordance with an embodiment of
the present disclosure;
[0072] Figs. 35-38 illustrate severa cam profiles in accordance with severa
embodiments of the present disclosure;
[0073] Fig. 39 illustrates a peristaltic pump having a plunger and a pinch valves
outside of an AV S chamber with two pinch valves on the interface of the ACS chamber in
accordance with an embodiment of the present disclosure;
[0074] Fig. 40 illustrates several stages of operation of the peristaltic pump of Fig.
39 in accordance with an embodiment of the present disclosure;
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[0075] Fig. 41 illustrates a peristaltic pump having two plungers external to an AVS
chamber in accordance with an embodiment of the present disclosure;

[0076] Fig. 42 illustrate severa stages of the peristaltic pump of Fig. 41 in
accordance with an embodiment of the present disclosure;

[0077] Fig. 43 illustrates a peristaltic pump having a plunger with alinear sensor in
accordance with an embodiment of the present disclosure;

[0078] Fig. 44 illustrates a graphic of data from the linear sensor of the peristaltic
pump of Fig. 43 in accordance with an embodiment of the present disclosure;

[0079] Fig. 45 illustrates the stages of the peristaltic pump of Fig. 43 in accordance
with an embodiment of the present disclosure;

[0080] Fig. 46 illustrates the detection of an occlusion condition vis-avis a non-
occluded condition in accordance with an embodiment of the present disclosure;

[0081] Fig. 47 illustrates the detection of a valve leak vis-a-vis a full-valve-sealing
condition in accordance with an embodiment of the present disclosure;

[0082] Fig. 48 illustrates the detection of atoo much air in the tube or a vave fail
vis-avis a proper operation in accordance with an embodiment of the present disclosure;
[0083] Fig. 49 shows a block diagram that illustrates the electronics of a peristaltic
pump in accordance with another embodiment of the present disclosure;

[0084] Fig. 50 shows a block diagram that illustrates the electronics of a peristaltic
pump in accordance with another embodiment of the present disclosure;

[0085] Fig. 51 shows a perspective view of peristaltic pump in accordance with an
embodiment of the present disclosure;

[0086] Figs. 52-56show data from several AVS sweeps in accordance with an
embodiment of the present disclosure;

[0087] Figs. 57-59 show several side views of a cam mechanism of the peristaltic
pump of Fig. 51 in accordance with an embodiment of the present disclosure;

[0088] Fig. 60 shows a sectional view of the pinch valves and plunger of the
peristaltic pump of Fig. 51 in accordance with an embodiment of the present disclosure;
[0089] Fig. 61 show two views of a plunger with flexible fingers to grip a tube in
accordance with an embodiment of the present disclosure;

[0090] Fig. 62 shows an embodiment of a cam mechanism of a peristaltic pump in

accordance with an embodiment of the present disclosure;
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[0091] Fig. 63 shows an embodiment of a cam mechanism of a peristaltic pump in
accordance with an embodiment of the present disclosure;

[0092] Figs. 64-66 show severa views of a peristaltic pump in accordance with the
present disclosure;

[0093] Figs. 67-71 show several views of a peristaltic pump in accordance with an
additional embodiment of the present disclosure;

[0094] Figs. 72A-72B illustrate torque on a cam shaft of a peristaltic pump in
accordance with an embodiment of the present disclosure;

[0095] Fig. 73 illustrates a cam profile for severa cams for a peristaltic pump in

accordance with an embodiment of the present disclosure;

[0096] Fig. 74 shows various feedback modes of a peristaltic pumps in accordance
with an embodiment of the present disclosure;

[0097] Fig. 75 shows a graph illustrating data of a linear sensor used to estimate
fluid flow in accordance with an embodiment of the present disclosure;

[0098] Figs. 76-82 show several perspective views of a peristaltic pump having a
angular members interfacing into a cam in accordance with an embodiment of the present
disclosure;

[0099] Figs. 83-97 illustrate the operation of a slide occluder of the peristaltic pump

of Figs. 76-82 in accordance with an embodiment of the present disclosure;

[00100] Fig. 98-99 shows a two views of a peristaltic pump in accordance with an
embodiment of the present disclosure;

[00101] Figs. 100-114 shows severa views of the peristaltic pump of Figs. 98-99
illustrating the operation of the slide occluder in accordance with an embodiment of the
present disclosure;

[00102] Figs. 115-121 show severa view of the peristatic pump of Figs. 98-114 in
accordance with an embodiment of the present disclosure;

[00103] Figs. 122-126 show severa views of an integrated cam and motor in for use
in an peristaltic pump disclosed herein in accordance with another embodiment of the
present disclosure;

[00104] Figs. 127-130 illustrate a camera sensor for use for measuring the position of
a plunger and pinch valves of a peristaltic pump in accordance with an embodiment of the

present disclosure;
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[00105] Fig. 131 illustrates a peristaltic pump having L-shaped cam followers in an

exploded view of the mechanical elements from the top of the pump;

[00106] Fig. 132 illustrates the peristaltic pump having L-shaped cam followersin an
exploded view of the mechanical elements from the bottom of the pump;

[00107] Fig. 133133 illustrates the peristaltic pump having L-shaped cam followers
with adoor open in an isometric view of the mechanical elements from the top of the pump;
[00108] Fig. 134134 illustrates the peristaltic pump having L-shaped cam followers
in an exploded view showing the PCB, pump body, door, and a motor with a gear head;
[00109] Fig. 135 illustrates the slide occluder inserted into the open door of the
peristaltic pump having L-shaped cam followers;

[00110] Fig. 136 illustrates the peristaltic pump having L-shaped cam followers with
the door open and some elements removed to revea the cam-shaft, pump and valves;
[00111] Fig. 137 illustrates the insertion of the slide occluder into the open door of
the peristaltic pump having L-shaped cam followers;

[00112] Figs. 138-139 shows an alternative door with the door half of an aternative
split carriage;

[00113] Fig. 140 illustrates the door, a lever and a dide carriage of the peristaltic

pump having L-shaped cam followersin an exploded view;
[00114] Fig. 141 illustrates the peristaltic pump having L-shaped cam followers with
the door open in an isometric view of the mechanical elements from the bottom of the
pump;
[00115] Fig. 142 illustrates a cam-shaft of the peristaltic pump having L-shaped cam
followersin an isometric view;
[00116] Fig. 143 illustrates the plunger cam follower of the peristaltic pump having
L-shaped cam followersin an isometric view from the front;
[00117] Fig. 144 illustrates the plunger cam follower of the peristaltic pump having
L-shaped cam followersin an isometric view from the back;
[00118] Fig. 145 illustrates the valve cam follower of the peristaltic pump having L-
shaped cam followersin an isometric view from afirst side;
[00119] Fig. 146 illustrates the valve cam follower of the peristaltic pump having L-
shaped cam followers in an isometric view from a second side;
[00120] Fig. 147 illustrates a outlet cam of the peristaltic pump having L-shaped cam
followers in an orthographic view;
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[00121] Fig. 148 illustrates a pump cam of the peristaltic pump having L-shaped cam
followersin an orthographic view;

[00122] Fig. 149 illustrates a intake cam of the peristaltic pump having L-shaped cam
followers in an orthographic view;

[00123] Fig. 150150 illustrates the plunger and valve cam followers of the peristaltic
pump having L-shaped cam followersin an exploded view;

[00124] Fig. 151 illustrates retainers for the springs on the cam followers of the
peristaltic pump having L-shaped cam followersin an isometric view;

[00125] Fig. 152 shows a cross-section of the pump including sections of the cam,
plunger and platen;

[00126] Fig. 153 shows a cross-sectional view of the plunger compressing the

infusion tube against the platen;

[00127] Fig. 154 illustrates the housing, cam shaft and cam followers of the
peristaltic pump having L-shaped cam followersin an exploded view;

[00128] Fig. 155 illustrates the upper and lower housing of the peristaltic pump
having L-shaped cam followers in an isometric view;

[00129] Fig. 156 illustrates the assembled upper and lower housing of the peristaltic
pump having L-shaped cam followers in isometric views

[00130] Fig. 157 illustrates the assembled upper and lower housing of the peristaltic
pump having L-shaped cam followers in isometric views

[00131] Fig. 158 illustrates the peristaltic pump having L-shaped cam followers with
PCB removed to reveal magnets on the plunger and corresponding sensors on PCB;

[00132] Fig. 159 illustrates the insertion of the slide occluder into the open door of
the peristaltic pump having L-shaped cam followers;

[00133] Figs. 160 illustrates the slide occluder inserted into the open door of the
peristaltic pump having L-shaped cam followers;

[00134] Figs. 161 illustrates the split-carriage in the open position;

[00135] Figs. 162 illustrates the split-carriage in the closed position;

[00136] Fig. 163 illustrates the peristaltic pump having L-shaped cam followers with

the door partially closed and some elements removed to reveal the slide occluder in the
closed split-carriage;
[00137] Fig. 164 illustrates the multi-part link between the split carriage and the lever
in an isometric view;
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[00138] Fig. 165 illustrates the peristaltic pump having L-shaped cam followers with
the door closed and some elements removed to reveal the slide occluder in the closed split-
carriage;

[00139] Figs. 166-169 illustrate four steps of closing the door of the peristaltic pump
having L-shaped cam followers;

[00140] Fig. 170 illustrates a lever on the door engaging a pin on the body of the
peristaltic pump having L-shaped cam followers;

[00141] Fig. 171 illustrates a spring element in the door of the peristaltic pump
having L-shaped cam followers;

[00142] Fig. 172 illustrates two latch hooks of the lever on the door of the peristaltic
pump having L-shaped cam followers,

[00143] Fig. 173 shows a vertical cross-sectional view of the peristaltic pump with L-
shaped cam followers,

[00144] Fig. 174 shows a horizontal cross-sectional view of the peristaltic pump with
L-shaped cam followers,

[00145] Fig. 175 illustrates a spring-pin engaging a detent on the lever latch hook in
the closed position within the door of the peristaltic pump having L-shaped cam followers;
[00146] Fig. 176 illustrates a spring-pin engaging a detent on the lever latch hook in
the open position within the door of the peristaltic pump having L-shaped cam followers;
[00147] Fig. 177 illustrates a dlide-occluder detection lever displaced by the dlide
occluder when the door is on the peristaltic pump having L-shaped cam followers,

[00148] Fig. 178 illustrates a latch hook detection lever displaced by the latch hook
when the door is on the peristaltic pump having L-shaped cam followers;

[00149] FIGS. 179-182 show several views of a patient bedside system in
accordance with an embodiment of the present disclosure;

[00150] FIG. 183 shows a close-up view of a portion of an interface of aclamp that is
attachable to a pump shown in FIGS. 179-182 in accordance with an embodiment of the
present disclosure;

[00151] FIG. 184 shows another close-up view of another portion of the interface
shown in FIG. 177 in accordance with an embodiment of the present disclosure;

[00152] FIG. 185 shows a perspective view of a pump shown in FIGS. 179-182 in

accordance with an embodiment of the present disclosure;
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[00153] FIG. 186 shows a perspective view of a pump shown in FIGS. 179-182 in
accordance with an embodiment of the present disclosure;

[00154] FIG. 187 shows a perspective view of a pump with the graphic user interface
shown on the screen in accordance with an embodiment of the present disclosure;

[00155] FIG. 188 shows an example infusion programming screen of the graphic user
interface in accordance with an embodiment of the present disclosure;

[00156] FIG. 189 shows an example infusion programming screen of the graphic user
interface in accordance with an embodiment of the present disclosure;

[00157] FIG. 190 shows an example infusion programming screen of the graphic user
interface in accordance with an embodiment of the present disclosure;

[00158] FIG. 191 shows an example infusion programming screen of the graphic user
interface in accordance with an embodiment of the present disclosure;

[00159] FIG. 192 shows an example infusion programming screen of the graphic user

interface in accordance with an embodiment of the present disclosure;

[00160] FIG. 193 shows an infusion rate over time graphical representation of an
example infusion in accordance with an embodiment of the present disclosure;

[00161] FIG. 194 shows an infusion rate over time graphical representation of an
example infusion in accordance with an embodiment of the present disclosure;

[00162] FIG. 195 shows an infusion rate over time graphical representation of an
example infusion in accordance with an embodiment of the present disclosure;

[00163] FIG. 196 shows an infusion rate over time graphical representation of an
example infusion in accordance with an embodiment of the present disclosure;

[00164] FIG. 197 shows an infusion rate over time graphical representation of an
example infusion in accordance with an embodiment of the present disclosure;

[00165] FIG. 198 shows an example drug administration library screen of the graphic
user interface in accordance with an embodiment of the present disclosure;

[00166] Fig. 199 shows a schematic of a battery powered draw speaker;

[00167] Fig. 200 illustrates an electrica block diagram of peristatic pump in

accordance with an embodiment of the present disclosure;
[00168] Fig. 201, 202A-202G illustrates a detailed electrical block diagram of
peristaltic pump in accordance with an embodiment of the present disclosure;
[00169] Fig. 203 presents a linear encoder signal over cam angle graph in accordance
with an embodiment of the present disclosure;
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[00170] Fig. 204 illustrates a volume over time graph in accordance with an
embodiment of the present disclosure;

[00171] Fig. 205 illustrates a cam shaft angle over volume graph in accordance with
an embodiment of the present disclosure;

[00172] Fig. 206 illustrates a possible measured pressure vs. time trace of a delivery

line downstream of peristaltic pump in accordance with an embodiment of the present

disclosure;
[00173] Fig. 207 is a state diagram in accordance with an embodiment of the present
disclosure;
[00174] Fig. 208 is a software block diagram in accordance with an embodiment of

the present disclosure;

[00175] Fig. 209 is a software block diagram in accordance with an embodiment of
the present disclosure;

[00176] Fig. 210 shows a feedback based control loop to control a motor of an
infusion pump in accordance with an embodiment of the present disclosure; and

Fig. 211 shows a process diagram to illustrate the software operation of an infusion pump in
accordance with an embodiment of the present disclosure.

[00177] DETAILED DESCRIPTION

[00178] Fig. 1 shows a block diagram of a system 1 for infusing fluid. System 1
includes fluid reservoirs 2, 3, and 4 for infusing the fluid contained therein into a patient 5.
The fluid reservoirs 2, 3, and 4 are gravity fed into drip chambers 7, 8, and 9, respectively.
The drip chambers 7, 8, and 8 are respectively fed into flow meters 10, 11, and 12. From
the flow meters 10, 11, and 12, the fluid is fed into free-flow detectors 13, 14, and 15,
respectively.

[00179] System 1 adso includes valves 16, 17, and 18 from a respective free-flow
detector of the free-flow detectors 13, 14, and 15. Pumps 19, 20, and 21 receive fluid from
valves 16, 17, and 18, and combine the fluid using a connector 22. The valves 16, 17, and
18 may be in wireless or wired communication with a respective pump 19, 20, and 21 to
control the flow rate and/or discharge profile. For example, the pump 19 may communicate
wirelessly with the valve 16 to adjust the opening and closing of the valve 16 to achieve a
target flow rate, for example, when the pump 19 runs at a predetermined speed; the valves

16 may be downstream from the pump 19 in some embodi ments.
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[00180] Fluid from the connector 22 is fed into an occlusion detector 23 which is
fed into an air detector 24. The occlusion detector 23 can detect when an occlusion exists
within tubing of the system 1. The occlusion detector 23 may be a pressure sensor
compressed against the tube such that increases beyond a predetermined threshold is
indicative of an occlusion. The air detector 24 detects if air is present in the tubing, e.g.,
when flowing towards the patient 5. Prior to entering into an infusion site monitor 26, the
fluid passes through avalve 25.

[00181] The monitoring client 6, in some embodiments, monitors operation of the
system 1. For example, when an occlusion is detected by occlusion detector 23 and/or air is
detected by the air detector 24, the monitoring client 6 may wirelessly communicate a signal
to the valve 25 to shut-off fluid flow to the patient 5.

[00182] The monitoring client 6 may aso remotely send a prescription to a
pharmacy. The prescription may be a prescription for infusing a fluid using a fluid pump.
The pharmacy may include one or more computers connected to a network (e.g., the
internet) to receive the prescription and queue the prescription within the one or more
computers. The pharmacy may use the prescription to compound the drug (e.g., using an
automated compounding device coupled to the one or more computers or manually by a
pharmacist viewing the queue of the one or more computers), pre-fill a fluid reservoir
associated with an infusion pump, and/or program the infusion pump (e.g., a treatment
regime is programmed into the infusion pump 19) at the pharmacy in accordance with the
prescription. The fluid reservoir 2 may be automatically filled by the automated
compounding device and/or the infusion pump 19 may be automatically programmed by the
automated compounding device. The automated compounding device may generate a
barcode, RFID tag 29 and/or data. The information within the barcode, RFID tag 29, and/or
data may include the treatment regime, prescription, and/or patient information. The
automated compounding device may: attach the barcode to the fluid reservoir 2 and/or the
infusion pump 19; attach the RFID tag 29 to the fluid reservoir 2 and/or the infusion pump
19; and/or program the RFID tag 29 or memory within the fluid reservoir 2 or the infusion
pump 19 with the information or data. The data or information may be sent to a database
(e.g., electronic medical records) that associates the prescription with the fluid reservoir 2
and/or the infusion pump 19, e.g., using a serial number or other identifying information

within the barcode, RFID tag 29, or memory.
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[00183] The infusion pump 19 may have a scanner, e.g., an RFID interrogator that
interrogates the RFID tag 29 or a barcode scanner that scans a barcode of the fluid reservoir
2, to determine that it is the correct fluid within the fluid reservoir 2, it is the correct fluid
reservoir 2, the treatment programmed into the infusion pump 19 corresponds to the fluid
within the fluid reservoir 2 and/or the fluid reservoir 2 and infusion pump 19 are correct for
the particular patient (e.g., as determined from a patient’ s barcode, RFID 27, or other patient
identification). For example, the infusion pump 19 may scan the RFID tag 29 of the fluid
reservoir 2 and check if the serial number or fluid type encoded within the RFID tag 29 is
the same as indicated by the programmed treatment within the infusion pump 19.
Additionally or aternatively, the infusion pump 19 may interrogate the RFID tag 29 of the
fluid reservoir 2 for a serial number and the RFID tag 27 of the patient 5 for a patient serial
number, and also interrogate the electronic medical records to determine if the serial
number of the fluid reservoir 19 within the RFID tag 29 matches a patient’s serial number
within the RFID tag 27 as indicated by the electronic medical records.  Additionally or
aternatively, the monitoring client 6 may scan the RFID tag 29 of the fluid reservoir 2 and
an RFID tag of the infusion pump 19 to determine that it is the correct fluid within the fluid
reservoir 2, it is the correct fluid reservoir 2, the treatment programmed into the infusion
pump 19 corresponds to the fluid within the fluid reservoir 2, and/or the fluid reservoir 2
and infusion pump 19 are correct for the particular patient (e.g., as determined from a
patient’s barcode, RFID tag 27, electronic medical records, or other patient identification or
information). Additionally or aternatively, the monitoring client 6 or the infusion pump 19
may interrogate an electronic medical records database and/or the pharmacy to verify the
prescription or download the prescription, e.g., using a barcode serial number on the
infusion pump 19 or fluid reservoir 2.

[00184] Additionally or alternatively, the flow from the pumps 19, 20, and 21 may be
monitored and/or controlled by the monitoring client 6 to ensure safe drug delivery. The
monitoring client 6 may scan a RFID tag 27 on a bracelet 28, and aso RFID tags 29, 30,
and 31 on the fluid reservoirs, 2, 3, and 4, respectively. The monitoring client 6 may
download electronic medica records (“EMR”) associated with the RFID tag 27 on the
patient’s 5 bracelet, and compare it to one or more prescriptions found in the EMR of the
patient 5. If the EMR indicates that the fluid reservoirs 2, 3, and 4 contain the correct
medication, a user can input into the monitoring client 6 a command to start pumping fluid
through pumps 19, 20, and/or 21 into the patient 5.
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[00185] The infusion site monitor 26 monitors the site at which the fluid is fed into
the patient 5. The infusion site monitor 26 receives the fluid through an input port 408 and
feeds the fluid to the patient 5 through an output port 409. In some embodiments the
infusion site monitor 5 optionally includes an air detector 410, an infiltration detector 32, a
pressure sensor 33, a fluid-temperature sensor 34, and/or a patient temperature sensor 35. In
some embodiments, the infusion site monitor 26 optionally includes an ambient air
temperature sensor 35 and an RFID interrogator 41A.
[00186] The infusion site monitor 26 aso includes a processor 37 and a memory 38.
The memory 38 may include processor executable instructions configured for execution on
the processor 37. The processor 37 isin operative communication with the air detector 410,
the infiltration detector 32, the pressure sensor 33, the fluid-temperature sensor, the patient
temperature sensor 35, the ambient air temperature sensor 36, the RFID interrogator 41A,
the user input 39, and the buttons 40; for example, the processor 37 may be coupled to a
bus, a parallel communication link, a serial communication link, a wireless communication
link, and the like. Information from the various circuitry of 410, 32, 33, 34, 35, 36, 39, 40,
and/or 41 may be communicated to the monitoring client 6 via a wired or wireless
communication link, e.g.,. WiFi, USB, seria, WiMax, Bluetooth, Zigbee, and the like.
[00187] In Fig. 1, in each of the pumps 19, 20, and 21, or the fluid reservoirs 2, 3, and
4 may include an upstream and/or downstream pressure generating source (e.g., an
occluder, speaker, etc) to generate a pressure "signature” that would travel along the line
and into the other devices, e.g., pumping, monitoring, or metering devices. These pressure
signatures may indicate the pressure in each of the lines, may be used to identify each line
and coordinate the flow rates of the lines, and/or may indicate what the measured flow rate
of the line should be. The pressure signature may be an ultrasonic signal generated by a
piezoelectric ceramic that is modulated to encode information such as digital data or an
analog signal, e.g., an acoustic carrier frequency with FM modulation, AM modulation,
digital modulation, analog modulation, or the like.
[00188] For example, each of the pumps 19, 20, and 21 may transmit sound pressure
down the IV line to the infusion site monitor 26 (which may include a transducer to detect
these pressure waves) indicating to the infusion site monitor 26 the expected total flow rate
therethrough. A flow rate meter 169 may measure the liquid flow rate, and if the measured
liquid flow rate deviates by a predetermined amount, the infusion site monitor 26 may issue
an alarm and/or dert, e.g., the darm may signal the valves 16, 17, 18, and 25 to close,
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and/or the monitoring client 6 may use the information for logging purposes and/or to cause
thevalves 16, 17, 18, and 25 to close.
[00189] Referring to the drawings, Fig. 2 shows a block diagram of a pump for
infusing liquid of the system of Fig. 1 in accordance with an embodiment of the present
disclosure. Although the pump 19 of Fig. 2 is described as being pump 19 of Fig. 1, the
pump 19 of Fig. 2 may be one or more of the pumps 19, 20, and 21 of Fig. 1, or may be
included within any sufficient pump disclosed herein.
[00190] Pump 19 includes a processor 37 coupled to amemory 38. The processor 37
IS in operative communication with the memory 38 to receive processor executable
instructions configured for execution on the processor 37. In some embodiments, the
processor 37 is, optionaly, in operative communication with the user input 39, the air
detector 410, the fluid temperature sensor 34, valves 47, 49, 51 and 52, a flow meter 48, an
actuator 54, an air filter 50, adrain chamber 53, and/or a pressure sensor 33.
[00191] The pump includes an actuator 54 which operates on fluid contained within
tubing 56 flowing through the pump. The actuator 54 may directly operate on the tube 56,
or may actuate against one or more membranes contained within the actuator 54. In some
embodiments, the valves 47 and 49 cooperate with the actuator 54 to pump fluid, e.g.,
liquid, from the input port 44 to the output port 45 through the tube 56. In some
embodiments of the present disclosure, the pump 19 contains no interna tubing and
interfaces to external tubing.
[00192] The air filter 50 filters out air from the tube 56. In alternative embodiments,
the air filter 50 is upstream from the air detector 410. Valve 52 can activate to alow air to
enter in from the tube 56 into a drain chamber 53 viaa diversion tube 57.
[00193] Fig. 3 shows stages 1-8 illustrating a method for operating a plunger pump
493 in conjunction with an AV'S assembly 494 in accordance with an embodiment of the
present disclosure. A fluid path 495 includes valves 496, 497, and 498.
[00194] Stage 1 shows the valve 498 closed with valves 496 and 497 open. The
valve 497 may be closed while the plunger 499 withdraws to check if the valves 498 and
497 are leaking. For example, a constant force may be applied to the plunger 499 drawing
the plunger up (e.g., from a spring) and either valves 496 and/or 497 may be closed. If the
plunger 499 moves upwards beyond a predetermined amount or more quickly than
predetermined speed, the processor 37 (see Fig. 2) may determine that aleak has occurred.
Additionally or aternatively, the valve 496 may be closed, and the plunger 499 applies an
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upwards force by a predetermined amount of time and then applies a downward force. The
AVS assembly 494 may then perform an AV'S sweep. If the fluid within the AV S assembly
(e.g., measured by the volume of the fluid volume) is beyond a predetermined amount) then
the processor may determine that one of the valves 496 and 498 may be |leaking.
[00195] Stage 2 shows the fluid being drawn into the plunger pump 493. Stage 3
performs an AVS sweep. Between stages 3 and 4, aleak check may be performed, e.g., the
valves 497 and 498 may remain closed while the plunger 493 applies a downwards force. If
there is movement beyond a predetermined amount, the one or both of the valves 497 and
498 may be determined to be leaking by the processor. In Stage 4, the volume of fluid from
the plunger pump 493 is transferred to the membrane of the AVS assembly 494. Stage 5
there is an AV'S sweep to determine the fluid in the AVS assembly 494. In stage 6, the
valve 497 is opened, and the volume of fluid is transferred from the AVS assembly 494 to
the plunger pump 493. Between stages 5 and 6, the valve 497 may temporarily be left
closed to perform another valve leak check.
[00196] In stage 7, the valve 497 is closed. In stage 8, the fluid in the plunger
pump 493 is discharged. Between stages 7 and 8, the valve 498 may initially remain closed
to determineif one or both of the valves 497 and 498 is leaking.
[00197] Fig. 4 shows severa stages illustrating a method for operating a plunger
pump in conjunction with an AV S assembly in accordance with another embodiment of the
present disclosure. Between stages 1 and 2, a leak test may be performed by keeping the
valve 500 temporarily closed while an upwards force is applied to the plunger 499. In stage
2, fluid is drawn into the plunger pump 493. Also during stage 2 an AV'S sweep may be
performed by the AVS assembly 494. In stage 3, the fluid is transferred to the AVS
assembly 494. Also during stage 2 an AV'S sweep may be performed by the AV S assembly
494. A leak test may be performed between stages 2 and 3 (e.g., by keeping the valve 501
closed while applying a downward force on the plunger 499. In stage 4, the fluid is drawn
from the AV S assembly 494 into the plunger 493. Also during stage 2 an AV'S sweep may
be performed by the AVS assembly 494. Between stages 3 and 4, a leak test may be
performed by keeping the valve 501 temporarily closed while an upwards force is applied to
the plunger 499. |In stage 5, the fluid is discharged from the plunger 493 to the patient (i.e.,
past the AVS assembly 494). A leak test may be performed between stages 4 and 5, by
keeping the valve 501 temporarily closed and/or to check for backflow. A leak test may
also be performed during stage 5 to check for backflow.
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[00198] Fig. 5 shows severa stages illustrating a method for using a plunger pump
503 having an AVS assembly 504 in accordance with an embodiment of the present
disclosure. In stage 1, an AVS sweep is performed. In stage 2, fluid is drawn into the
variable volume 506. In stage 2, after fluid is drawn into the variable volume 453, another
AVS sweep is performed. In stage 3, the fluid is discharged. In stage 3, after the fluid has
discharged, an AVS sweep may be performed. Note that the actuator 507 is within the
variable volume 506. Therefore, the movement of the actuator 507 does not affect the
volume of the variable volume 506.

[00199] Fig. 6 shows severa stages illustrating a method for using a plunger pump
508 having an AVS assembly 509 in accordance with an embodiment of the present
disclosure. The actuator 507 is located outside of the variable volume 509. The plunger
pump 508 uses a standard IV set 510 such that the compliance of the tubing 510 draws
liquid in during stage 4. Stage 2 discharges the liquid. The stages 1-4 may be repeated.
[00200] Stage 1, an AVS sweep is performed by the AVS assembly 509 and a
downward force may be applied to the plunger 512 with both of the pinch valves 513 and
514. In stage 2, the fluid volume is discharged. In stage 3, the plunger 512 is retracted, after
which an AV'S sweep may be performed to determine if the valves 513 and 514 are leaking
(e.g., the compliance of the tubing 455 may provide a negative pressure within the tubing
510.

[00201] Fig. 7 shows several stages 1-5 illustrating a method for using a plunger
pump 515 having an AVS assembly 516 in accordance with an embodiment of the present
disclosure. The plunger pump 515 draws fluid into and out of the variable volume 517 viaa
pneumatic actuator 518. During stage 1, a positive and/or negative pressure may be applied
to the variable volume 518 with both of the valves 519 and 520 closed. During stage one,
one or more AVS sweeps may be performed by the AVS assembly 516. If the volume
estimated by the AV'S assembly 516 changes when both of the valves 519 and/or 520, then
the processor 37 may determine that a leak in one or both of the valves 519 and/or 520
exists.

[00202] During stage 3, a positive and/or negative pressure may be applied to the
variable volume 518 with both of the valves 519 and 520 closed. During stage one, one or
more AV S sweeps may be performed by the AVS assembly 516. If the volume estimated
by the AVS assembly 516 changes when both of the valves 519 and/or 520, then the
processor 37 may determine that aleak in one or both of the valves 519 and/or 520 exists.
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[00203] Fig. 8 shows a plunger pump 521 with an actuator 522 inside the variable
volume 523 for use with a standard 1V set tubing 524 in accordance with an embodiment of
the present disclosure.
[00204] Fig. 9 shows severa views of a cam-driven linear peristaltic pump 522
having pinch valves 523 and 524 and a plunger 525 inside a variable volume 536 in
accordance with an embodiment of the present disclosure. The cross-sectional views 527
and 528 show two different standard 1V set tubing 529 configurations below the plunger
525.
[00205] Fig. 10 shows a plunger pump 530 for use within a standard 1V 531 set
tubing with an actuator 532 outside of the variable volume 533 in accordance with an
embodiment of the present disclosure. Fig. 11 shows several views of a cam-driven linear
peristaltic pump 534 having pinch valves 535 and 536 a plunger 537 inside a variable
volume 538 with a corresponding cam mechanism 539 outside of the variable volume 538
in accordance with an embodiment of the present disclosure. As the cam followers 540,
541, and 542 move in and out of the variable volume 535, the processor 37 of Fig. 2 may
adjust the measured volume to account for the changes in volume the cam followers 540,
541, and 542 affect the variable volume. Cross-section views 543 and 544 show two
different configuration of the standard IV set tubing 545 for the plunger 537 to interface
with.
[00206] Fig. 12 shows a plunger pump 546 having a plunger 547 inside a variable
volume 548 with an actuator 549 outside of the variable volume 548 in accordance with an
embodiment of the present disclosure. The processor 37 is coupled to a position sensor of
Fig. 2 to account for the volume of the shaft of the plunger 547 as it movesin and out of the
variable volume 548.
[00207] Fig. 13 shows a cam-driven linear peristaltic pump 550 having a plunger 551
inside a variable volume 552 with a corresponding cam mechanism 553 outside of the
variable volume 552 and pinch valves 554 and 555 on the housing of the variable volume
552 in accordance with an embodiment of the present disclosure. The pinch valves 554 and
555 may also form the acoustic sea for interface of the variable volume 552 and the
standard 1V set tubing 556. Two cross-sectional views 557 and 558 are shown to illustrate
the configuration of the interface of the plunger 551 with the standard IV set tubing 556.
[00208] Fig. 14 shows a plunger pump 559 having a plunger 560 inside a variable
volume 561 and pinch valves 562 and 563 outside of the variable volume 561 in accordance
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with an embodiment of the present disclosure. The actuator 564 (e.g., a cam mechanism,
linear motor, linear actuator, etc.) is located outside of the variable volume 561. The
processor 37 of Fig. 2 can compensate for the shaft of the plunger 560 as it enters and exits
the variable volume 561.
[00209] Fig. 15 shows severa views of a cam-driven linear peristaltic pump 562
having a plunger 563 inside a variable volume 564 with a corresponding cam mechanism
565 and pinch valves 566 and 567 outside of the variable volume 564 in accordance with an
embodiment of the present disclosure. Views 569 and 570 shows two different
configuration of the standard 1V set tubing 568. The standard IV set tubing 568 may be
positioned by araceway (e.g., defined below, above, and/or around the tubing 568).
[00210] Fig. 16 illustrates the stages 1-5 of occlusion detection using a plunger pump
571 having an AV'S assembly 572 and a spring-biased pinching mechanism 573 inside the
variable volume 574 in accordance with an embodiment of the present disclosure. The
plunger pump 571 includes pinch valves 575, 576, and 577.
[00211] In stage 1, the pinch valves 575, 576, and 577 are closed. The variable
volume 574 may be measured as the spring-biased pinching mechanism 573 compresses the
tube 578. If the volume of the variable volume increases (e.g., the tube diameter within the
variable volume 574 decreases) then the processor 37 of Fig. 2 may determine that one or
both of the valves 576 and 577 are leaking. Additionally or alternatively, the spring-biased
pinching mechanism 573 may include a sensor to estimate the volume of the liquid within
the tube 573 within the variable volume 574. The sensor may be, for example, alinear hall
effect sensor. If the sensor indicates that the pinching mechanism 573 is slowly closing
despite that the pinch valves 575, 576, and 577 are closed, the processor 37 may determine
that an error condition exists (see Fig. 2).
[00212] In stage 2, the valve 576 is opened and the actuator 579 compresses against
the tube 573 thereby filling the tube within the variable volume with aliquid. In stage 3, the
valve 576 is closed. In stage 4, the valve 577 is opened. If there is no occlusion the liquid
within the spring-biased pinching mechanism 573 will discharge the liquid. In Fig. 13, the
stage 4 shows a view 580 where there is no occlusion and the spring-biased pinching
mechanism 573 discharges the liquid, and stage 4 also shows a view 581 where the spring-
biased pinching mechanism 573 does not discharge (or does not fully discharge) the liquid.
In some embodiments of the present disclosure, the position of then spring-biased pinching
mechanism 573 during stage 4 is used to determine if an occlusion condition downstream
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exists (e.g., the processor 37 may determine that an occlusion exists). Stage 5 shows two
views 582 and 583. View 582 of stage 5 shows when no downstream occlusion exists and
view 583 shows stage 5 when a downstream occlusion exists) note the difference volumes
of the spring-biased pinching mechanism 573 in the two views 582 and 583). An AVS
sweep and/or the position sensor of the spring-biased pinching mechanism 573 may be used
in stage 5 to determine if the volume of the liquid within the variable volume 573 exceeds a
predetermined threshold such that the processor 37 of Fig. 2 determines that a downstream
occlusion exists.

[00213] Fig. 17 shows a pump 600 with a spring-loaded plunger 604 within a
variable volume 605 of an AVS assembly 606 with actuated plunger 604 outside of the
variable volume 605 in accordance with an embodiment of the present disclosure. The
valve 602 may be closed and the valve 601 opened with the plunger 604 retracted to allow
the tube 607 to pull fluid in under the plunger 604.

[00214] The valves 601 and 603 are closed and the valve 602 opened while the
plunger 604 presses against the tube 607 to force fluid into the tube 607 region disposed
within the variable volume 605; this causes the spring-loaded (or spring-biased) plunger 604
actuate to increase the amount of energy stored in its spring. The valve 602 is closed and an
AV'S measurement is taken. Thereafter, the pinch valve 603 is opened which forces fluid
within the variable volume 605 out of the tube 607 and towards the patient. Thereafter, the
valve 602 is closed and another AV S sweep is performed. The AV S volume measurements
are compared to determine the amount of fluid discharged through the pump 600. The
spring biased plunger 604 may be a single plunger with a spring attached to a shaft to apply
adownward force on the tube 607.

[00215] Fig. 18 shows a linear peristaltic pump 608 with pinch valves 609 and 610
and a cam shaft 611 disposed within a variable volume 612 of an AV'S assembly 613 having
spring-biased pinching mechanism 614 (see view 615) disposed therein, and a plunger 616
and a pinch valve 617 outside of the variable volume 612 in accordance with an
embodiment of the present disclosure. The manner of operation may be the same as the
pump 600 of Fig. 17 (e.g., the plunger 616 force fluid to expand the pinching-mechanism
614 and load the associated springs).

[00216] Fig. 19 shows a linear peristaltic pump 618 with pinch valves 619, 620, and
621 and a plunger 622 disposed outside of a variable volume 623 of an AV'S assembly 624
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in accordance with an embodiment of the present disclosure. The manner of operation may
be the same asin pump 600 of Fig. 17.

[00217] Fig. 20 shows a the stages 1-5 of a plunger pump 625 having an optica
sensor or camera 626 to measure the volume within a tube 627 residing within a chamber
628 in accordance with an embodiment of the present disclosure. The plunger pump 625
includes a spring-biased pinching mechanism 629. An actuator 634 applies a pumping
force to force fluid into the region of the tube 627 within the chamber 628 in the manner
similar to the pump 600 of Fig. 17.

[00218] In stage 1, the valves 630, 631, and 632 are closed. The optical sensor or
camera 626 estimates the volume within the region of the tube 627 disposed within the
chamber 628. The plunger 633 may compress the tube 627 to determine if the plunger 633
moves beyond a predetermined amount to perform a check of the valves 630 and 631. That
is, if the plunger 633 moved beyond a threshold amount, a processor 37 may determine that
one of the valves 630 and 631 is leaking.

[00219] In stage 2, the valve 631 is opened, and fluid is forced into the chamber 628
by actuation of the plunger 633. In stage 3, another optical volume estimate is made after
both valves 631 and 632 are closed. In stage 4, the the valves 632 is opened. If an
occlusion exists, the spring- biased pinching mechanism 629 cannot discharge all of the
fluid out of the tube 627 within the chamber 628. If no occlusion exists, then the spring-
biased pinching mechanism 629 can discharge the fluid out. During stage 5 a volume
measurement is made to determine if the fluid has been discharged beyond a threshold. If
fluid has not been discharged beyond a threshold, the processor 37 of Fig. 2 determines that
an occlusion exists

[00220] Fig. 21 shows a plunger pump 635 having a chamber 636 having an optical
sensor 637 to estimate fluid volume of a tube 638 having a spring-biased pinch mechanism
639 around the tube 638 and a plunger 640 and pinch valves 641, 642, and 643 in
accordance with an embodiment of the present disclosure. The optical sensor 637 may be
an LED time-of-flight device or a camera. The manner of operation of the plunger pump
635 may be the same as the plunger pump 625 of Fig. 20.

[00221] Fig. 22 shows a plunger pump 644 having a chamber 645 with an optical
sensor 646 to estimate fluid volume of a tube 647 having a spring-biased pinch mechanism
648 around the tube 647 and a plunger 649 and pinch valves 650, 651, and 652 outside the
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chamber 645 in accordance with an embodiment of the present disclosure. The plunger
pump 644 may operate in the same manner of operation of the pump 625 of Fig. 20.
[00222] Figs. 23 show several views of a plunger pump 653 having an AV S assembly
655 with pinch valve disposed 656 and 657 within the variable volume 658 of the AVS
assembly 659, and a plunger 660 and pinch valve 661 disposed outside the variable volume
658 in accordance with an embodiment of the present disclosure. Note that the pinch valves
656 and 657 wholly traverse through the variable volume 658. Fig. 24 shows an two cross-
sectiona views of the plunger pump of Fig. 23 in accordance with an embodiment of the
present disclosure. Fig. 25 shows an alternative two cross-sectional views of the plunger
pump of Fig. 23 in accordance with an embodiment of the present disclosure. Note in the
two views of Fig. 24, the pinch valve is disposed around the tube and in Fig. 25 the pinch
valveis disposed on one side of the tube.
[00223] Fig. 26 illustrates the stages 1-4 during normal operation of a plunger pump
662 having a spring-biased plunger 663 in accordance with an embodiment of the present
disclosure. In stage 1, the plunger 663 is pulled away from the tube 664 and the pinch valve
665 is opened. An AV'S measurement is taken. In stage 2, the pinch valves 665 is closed
and the plunger 663 compresses the tube 664. Another AVS measurement is taken. In
stage 3, the pinch valve 666 is opened and the plunger 663 pushes fluid out of the tube 664.
An AVS sweep is performed to estimate the volume of fluid delivered. In some
embodiments, the plunger 663 includes a linear hall effect sensor which correlates the
movement of the plunger between stages 2 and 3 to estimate the amount of fluid discharged.
[00224] Fig. 27 illustrates the stages for detecting an occlusion for the plunger pump
622 of Fig. 26 in accordance with an embodiment of the present disclosure. Stage 3
compares the AVS measurements when an occlusion occurs vs. a normal fluid delivery.
The processor 37 of Fig. 2 can detect when not enough fluid is delivered thereby indicating
to the processor than an occlusion has occurred.
[00225] Fig. 28 illustrates stages 1-2 for leakage detection for the plunger pump 622
of Fig. 26 in accordance with an embodiment of the present disclosure. In stage 1, the pinch
valve 665 is opened and the plunger 663 is opened thereby drawing fluid into the tube 664.
In stage 2, after the pinch valve 665 is compressed against the tube 664, the plunger applies
a force against the tube 664. If one of the valves 665 and 666 is leaking, in stage 2, the
AV'S measurement would indicate a leakage of fluid (i.e., the variable volume would
increase.
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[00226] Fig. 29 illustrates the stages 1-2 for detecting a failed valve and/or bubble
detection for the plunger pump 602 in accordance with an embodiment of the present
disclosure. As shown in stage 2, if the variable volume increases beyond a predetermined
threshold and does not continue to decrease, the processor 37 of Fig. 2 may determine that a
bubble exists in the tube 664.
[00227] Fig. 30 illustrates the stages for empty reservoir detection and/or upstream
occlusion detection for a plunger pump 662 in accordance with an embodiment of the
present disclosure. As shown in stage 2, if the AVS sweeps indicate that fluid is not being
drawn into the tube 664, then the processor 37 of Fig. 2 may determine that the upstream
reservoir is empty.
[00228] Fig. 31 illustrates the stage for free flow prevention for a plunger pump 662
in accordance with an embodiment of the present disclosure. That is, when a free flow
condition is detected, the plunger 663 may compress against the tube 664 to stop the free
flow.
[00229] Fig. 32 illustrates the stages for a negative pressure valve check for the
plunger pump 662 in accordance with an embodiment of the present disclosure. Stage 1, the
plunger 663 is compressed against the tube 664, and both valves 665 and 665 are closed. In
stage 2, the plunger 663 is lifted from the tube 665. If there is aleak, the compliance of the
tube 664 will pull in fluid which is detected by the AVS sweeps. As shown in Stage 3, the
valves 665 and 665 are opened.
[00230] Figs. 33-34 show views of a plunger pump 670 having a cam shaft 671 that
traverses the variable volume 672 of an AVS assembly 673 in accordance with an
embodiment of the present disclosure;
[00231] Figs. 35-38 illustrate several cam profiles in accordance with several
embodiments of the present disclosure. The cam profiles of Figs. 35-38 may be used with
the peristaltic pump 662 of Figs. 26-34, or any sufficient pump disclosed herein.
[00232] Fig. 35 shows a cam profile that uses the integrity check described in Figs.
26-34 except for a negative pressure valve check, and can be used for forward pumping and
backward pumping. The backward pumping may be used during an infiltration test as
described herein. Fig. 36 shows a cam profile which uses the integrity checks described in
Figs. 26-34 without the negative pressure check. Rotation of the cam in a back and forth
manner causes fluid flow in the cam profile of Fig. 36 when the cam is rocked from O to 155
degrees. Back pumping is accomplished in the cam profile of Fig. 36 by rotating the cam
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shaft back and forth from 315 degreesto 160 degrees. In Fig. 37 a cam profile is shown that
uses the integrity check described in Figs. 26-34 except for a negative pressure valve check.
The cam profile in Fig. 37 can be used to provide forward fluid flow of the pump. Fig. 37
shows a cam profile that pulses fluid when rotated continuously in one direction with a zero
total fluid flow. The chart in the bottom right hand corner of Fig. 38 shows the movement
to achieve forward, backwards, and swishing fluid movement.

[00233] Fig. 39 illustrates a peristaltic pump 675 having a plunger 676 and a pinch
valve 677 outside of an AV S variable volume 678 with two pinch valves 679 and 680 on the
interface of the AV S variable volume 678 in accordance with an embodiment of the present
disclosure. Fig. 40 illustrates stages 1-5 of operation of the peristaltic pump of Fig. 39 (in
simplified version) in accordance with an embodiment of the present disclosure.

[00234] Fig. 41 illustrates a peristaltic pump 681 having two plungers 682 and 683
externa to an AVS variable volume 684 in accordance with an embodiment of the present
disclosure. Fig. 42 illustrates several stages 1-6 of the peristaltic pump 681 of Fig. 41 in
accordance with an embodiment of the present disclosure;

[00235] Fig. 43 illustrates a peristaltic pump 685 having a plunger 686 with a linear
sensor 687 in accordance with an embodiment of the present disclosure. Fig. 44 illustrates
a graphic of data from the linear sensor 687 of the peristaltic pump 685 of Fig. 43 in
accordance with an embodiment of the present disclosure. As shown in Fig. 44, the amount
of movement of the plunger 686 between the pressurized stage (e.g., both pinch valves
closed 688 and 689 and the plunger’s 686 spring applying a force again the tube 690) and
the delivery stage (e.g., the outlet pinch valve 689 is opened) is correlated with the amount
of fluid discharged. The correlation between the amounts of fluid discharged with the delta
output from the sensor 687 may be determined empirically. The plunger 686 may be spring
loaded against the tube 690 such that the cam only comes into contact with a cam follower
coupled to the plunger 686 in order to lift the plunger 686 away from the tube 690.

[00236] Fig. 45 illustrates the stages of the peristaltic pump of Fig. 43 in accordance
with an embodiment of the present disclosure. Fig. 46 illustrates the detection of an
occlusion condition vis-&Vvis a non-occluded condition in accordance with an embodiment
of the present disclosure. That is, the plunger position data is shown for the normal vs.
occluded conditions. Note that when thereis an occlusion, fluid does not discharge and thus
the plunger position does not move as much. This may be detected by the processor 37 of
Fig. 2. Fig. 47 illustrates the detection of a valve leak vis-avis a full-vave-sealing
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condition. Fig. 48 illustrates the detection of atoo much air in the tube or avave fail vis-a
Vis aproper operation.
[00237] Fig. 49 shows a block diagram that illustrates the electronics of a peristaltic
pump in accordance with another embodiment of the present disclosure. That is, Fig. 49
shows the electronics of one of pumps 16, 17, and 18 of Fig. 1 in one specific embodiment.
Fig. 50 shows a block diagram that illustrates the electronics of another embodiment of the
peristaltic pump of one of the pumps 16, 17, and 18 in Fig. 1.
[00238] Fig. 51 shows a perspective view of peristaltic pump 700 in accordance with
an embodiment of the present disclosure. The peristaltic pump includes an AVS chamber
(see the AV'S chamber 714 of Fig. 60). The peristaltic pump 700 includes cams 701, 702,
and 703 that rotate along with a cam shaft 704 coupled to a motor viaa gear 705. The cam
702 control an inlet pinch valve, the cam 702 controls a plunger, and the cam 703 controls
an outlet pinch valve.
[00239] The cams 701-703 may be shaped to provide a peristaltic-pumping action
along the tube 707. The cams 701-703 may be shaped to provide a three stage pumping
action or afour stage pumping action.
[00240] The three stage pumping action includes stages 1, 2, and 3. In stage 1, the
outlet valve is closed, the inlet valve is opened, and the plunger is lifted off of the tube. In
one embodiment, the outlet valve is substantialy closed before the inlet vave is
substantially open. In stage 2, the inlet valve is closed, and the spring-biased plunger is
allowed by the cam to apply a compression force against the tube 707. In stage 3, the outlet
valve is opened such that the compressive force of the spring’s plunger compresses out the
fluid towards the patient. A linear sensor (e.g., optical or hall-effect) measures the position
of the plunger. A processor coupled to a motor to control the cam shaft 704 and coupled to
the linear sensor may compare the difference of the plunger’s position in stage 2 when the
plunger stops movement and fully compresses against the tube 707 and at the end of stage 3
(al fluid has been forced out towards the patient and the plunger stops moving because no
additional fluid may be compressed out of the tube). In another embodiment, the processor,
coupled to the processor coupled to a motor to control the cam shaft 704 and coupled to the
linear sensor, may compare the difference of the plunger’s position in stage 2 when the
plunger rate of movement drops below a defined threshold and during stage 3 when the
plunger rate of movement drops below a given threshold or the plunger position drops
below a defined value. The thresholds for the rate of movement and position of the plunger
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are determined by calibration experiments. The processor uses the measured differences
between the displacements between these two positions to correlate the difference to a
volume of fluid pumped (e.g., by comparing the delta value (the difference between the two
measurements) to values in a look-up table). Optionally, in stage 3, the opening of the
outlet valve is controlled by the rotation of the cam 704 to achieve atarget fluid discharge-
rate profile, e.g., the delta is used between the measurement of stage 2 and in real-time as
the outlet valve is opened in stage 3 (e.g., the delta is continuously calculated).

[00241] During stage 2, if the plunger moves beyond a predetermined threshold
and/or beyond a predetermined slope, one of the inlet valve and the outlet valve may be
leaking. For example, if the plunger quickly moves to compress the tube and continues to
move (e.g., beyond a predetermined slope), the processor may determine that one of the
inlet and outlet valves are leaking. The processor (the processor 37 of Fig. 2) is coupled to
the linear sensor may issue an alarm and/or aert.

[00242] During stage 2, if the plunger moves beyond a predetermined threshold when
the cams allows the compression of the spring to compress the tube or the movement slows
as the plunger hits the tube and then moves more beyond a predetermined threshold (as the
bubble is compressed), it may indicate that a bubble exists within the tube. For example, if
the plunger moves as the cam follower moves the spring-biased plunger towards the tube,
then momentarily stops, and then moves again, the processor may determine that air within
the tube has been compressed. In some embodiments, movement beyond a predetermined
threshold may suggest that air exists within the tube. The processor coupled to the linear
sensor may issue an aarm and/or alert. In some embodiments, to distinguish between a
leaking valve and a bubble, a downstream bubble sensor (not shown) may be used by the
processor to distinguish between the two error conditions.

[00243] In some embodiments, if the spring-biased plunger in stage 2 moves towards
the tube and does not engage the tube until after a predetermined threshold has been
crossed, the processor may determine that an upstream occlusion exists and the tube did not
fill up with fluid during stage 1.

[00244] In some embodiments, if the spring-biased plunger in stage 3 does not move
beyond a predetermined threshold, the processor may determine that a downstream
occlusion exists (e.g., the tube cannot discharge fluid downstream). Additionally or

aternatively, the processor may determine that a downstream occlusion exists when each
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cycles of the stages 1-3, less and less fluid is discharged to a patient (i.e., the compliance is
increasing taking in fluid downstream).
[00245] In some embodiments of the present disclosure, the cams 701, 702, and 703
may be shaped to have afour stage pumping action.
[00246] In stage 1, the outlet valve is closed, the inlet valve is opened, and the
plunger is lifted off of the tube. In stage 2, the inlet valve is closed, and the spring-biased
plunger is allowed by the cam to apply a compression force against the tube 707. In stage 3,
the plunger is lifted off of the tube and the outlet valve is opened. In stage 4, the cam 702
allows the plunger to apply the compressive force of the spring’s plunger to compress out
the fluid towards the patient. A linear sensor (e.g., optical or hall-effect) measures the
position of the plunger. A processor coupled to a motor to control the cam shaft 704 and
coupled to the linear sensor may compare the difference of the plunger’s position in stage 2
when the plunger stops movement and fully compresses against the tube 707 and at the end
of stage 4 (al fluid has been forced out towards the patient and the plunger stops moving
because no additional fluid may be compressed out of the tube). The processor uses the
measured differences between the displacements between these two positions to correlate
the difference to a volume of fluid pumped (e.g., by comparing the delta value (the
difference between the two measurements) to values in a look-up table). Optionadly, in
stage 4, the movement of the plunger to compress the tube using the plunger’s compressive
force (as alowed by the cam 702) is controlled by the rotation of the cam 704 to achieve a
target fluid discharge-rate profile, e.g., the deltais used between the measurement of stage 2
when the plunger fully compresses the tube and the movement of the plunger in real-time as
the plunger is allowed to compress the tube 707 (e.g., the deltais continuously cal cul ated).
[00247] In some embodiments, a downstream occluder may be adjusted to smooth
the flowing of the fluid to the patient.
[00248] In some embodiments AV S may be used instead of the linear position sensor.
In some embodiments, only the linear position sensor is used. In yet additional
embodiments, both of the AV'S and the linear position sensor are used.
[00249] Figs. 52-56 show data from several AVS sweeps in accordance with an
embodiment of the present disclosure. The AVS sweeps of Figs. 52-56 are for the
peristaltic pump 700 of Fig. 51.
[00250] Fig. 52 shows data, including a magnitude and phase response, of a variable
volume around the tube 707 of the peristaltic pump 700 of Fig. 51 relative to a reference
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volume. That is, the data as shown in Fig. 52 is correlated to the volume of air around the
tube 707 (see Fig. 51) within an acoustically sealed region as shown in Fig. 60 (i.e, a
variable volume chamber).

[00251] Fig. 53 illustrates several AV'S sweeps performed using the peristaltic pump
700 of Fig. 51. Note that, although the plunger is spring-loaded against the tube 707 in
Sweep 3 and the outlet valve is opened by the cam 703, the fluid is not discharged
downstream towards the patient. The processor 37 of Fig. 2 may determine that a
downstream occlusion exists in this circumstance.

[00252] Fig. 54 shows severa AVS sweeps using the pump 700 of Fig. 51. In
sweeps 2 and 3 of Figs. 54, the cam 702 allows the plunger’ s spring to compress against the
tube 707, but the cams 701 and 703 force the pinch valves closed. In sweep 3, theinlet and
outlet valves have remained closed, however, the variable volume is increasing which
thereby indicates that the fluid is being discharged out of one of the inlet and outlet valves.
The processor 37 of Fig. 2 may determine that one of the inlet and outlet valves are leaking
when the sweeps data appears as in sweeps 2 and 3 despite that the inlet and outlet valves
have remained closed.

[00253] Fig. 55 shows several AV'S sweeps using the pump 700 of Fig. 51. In sweep
1, the cams 701 and 703 close the valves, and the cam 702 alow the plunger’s spring the
compress against the tube 707. In sweep 2, the cams 701 and 703 have kept the valves
closed, however, the plunger’'s spring has moved the plunger beyond an predetermined
amount. The processor 37 may determine that the movement of the plunger is because air is
within the tube under the plunger. A downstream air detector 24 (see Fig. 1) may be used to
distinguish between movements caused by the compressibility of air when air is within the
tube 707 below the plunger vs. aleaking inlet or outlet pinch valve.

[00254] Fig. 56 illustrates the AV S sweep performed during multiple (full cycles) of
fluid discharge towards the patient using the pump 700 of Fig. 51 when there is a
downstream occlusion. That is, each sweep may be performed after the plunger is expected
to discharge fluid towards the patient. As shown in sweep 4, the pump 700 is not
discharging the fluid. For example, the pump 700 may slowly fill the downstream
compliance of the tube 707 until the tube can no longer expand, in which case, the pump
700 has difficultly pumping additional liquid downstream because the spring of the plunger
cannot apply sufficient force to pump additional liquid downstream. The processor 37 (see
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Fig. 2) may determine that the decreased liquid delivery during each cycle of the pump 700
indicates that a downstream occlusion exists.
[00255] Figs. 57-59 show several side views of a cam mechanism of the peristaltic
pump of Fig. 51 in accordance with an embodiment of the present disclosure. Fig. 57 shows
a side sectional-view of the plunger 706. The movement of the plunger 706 and cam
follower 709 is monitored by an optical cam follower position sensor 711.
[00256] There are various devices that may be used to sense the position of the
pump plunger 706 and pinch valves of the pump of Fig. 51. These include, but are not
limited to one or more of the following: ultrasonic, optical (reflective, laser interferometer,
camera, etc), linear caliper, magnetic, mechanical contact switch, infrared light
measurement, etc. In one embodiment, a small reflective optical sensor assembly
(hereinafter “optical sensor”) that fits into the exemplary embodiments of the peristaltic
pump 175, as shown and described, for example, herein, may be used. The optical sensor
in the various embodiments has a sensing range that accommodates the components for
which the optical sensor may be sensing, e.g., in some embodiments, the plunger 706. In the
exemplary embodiment any optical sensor may be used, including, but not limited to a
Sharp GP2S60, manufactured by Sharp Electronics Corporation, which is a US subsidiary
of Sharp Corporation of Osaka, Japan.
[00257] In various embodiments, the pumping apparatus may be based on the
principle of indirect compression of a flexible tube segment through the application of a
restoring force against the tubing segment by a spring-based apparatus. As shown in Fig.
57, a cam lobe or element 702 may be eccentrically disposed on a shaft 705 to cause cam
follower 709 to move in a reciprocating fashion as the cam element 702 rotates. Plunger
spring 710 in thisillustration is biased to urge a plunger 706 to compress the flexible tube
segment 707 situated within the peristaltic pump 700. Thus, in this arrangement, a spring
constant may be selected for spring 710 to cause the plunger to compress flexible tube
segment 707 to the extent necessary to deform the wall of the tube segment when liquid
having a pre-selected range of viscosities is present within it, and for a pre-determined flow
resistance of the fluid column to the end of a catheter or cannula attached to the terminal
end of the flexible tube. In this way, the distance and speed with which plunger 706 moves
to compress tubing segment 707 can provide information about the state of the tubing distal
to tubing segment 707, such as whether there is a complete or partial occlusion involving
the tube or an attached catheter, or whether the catheter has been dislodged out of a blood
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vessal or body cavity and into an extravascular tissue space. The movement of the spring or
attached elements (such as the plunger) may be monitored by one or more sensors, the data
being transmitted to a controller (e.g., the processor 37 of Fig. 2) for analysis of the rate and
pattern of movement as the tube segment is compressed. Examples of suitable sensors for
this purpose may include, for example, Hall Effect sensors, potentiometers, or optical
sensors including LED-based, laser-based or camera-based sensing systems that are capable
of transmitting data to a controller employing various forms of pattern-recognition software.
[00258] The action of peristaltic pump 700 of Fig. 51 is illustrated in Fig. 58. Fig.
58a shows the cam lobe or element 704 contacting cam follower 709, compressing spring
710, and moving the plunger 706 away from tube segment 707. Fig. 58b shows cam lobe
704 having rotated about cam shaft 705 away from cam follower 709, allowing spring 710
to extend, and the plunger 706 to begin compressing tube segment 707. In Fig. 58c, cam
lobe 704 has rotated sufficiently to completely release cam follower 709 to allow spring 710
to extend sufficiently to allow the plunger 706 to completely compress tube segment 707.
Assuming that an inlet valve acting on tube segment 707 entering pump 700 is closed, and
an outlet valve acting on tube segment 707 leaving pump 700 is open, a volume of liquid
within tube segment 707 will be propelled distally out of the tube segment 707. Although
the side-view shown in Fig. 58 is of a plunger, the operation of the inlet and outlet valve
may be similar and/or the same.

[00259] Fig. 60 illustrates a scenario in which the resistance to flow of the liquid
column within tube segment 707 is increased beyond the pre-determined functional range of
the spring selected for pump 700. As cam lobe 704 moves from a spring compressing
position in Fig. 60a to a spring de-compressing position in Fig. 60b, the spring force is
insufficient to compress tube segment 707 quickly, and may only be able to compress tube
segment 707 partially, as shown in Fig. 60c. The rate of movement and end position of a
component the plunger-spring-cam follower assembly may be detected by one more sensors
appropriate for this task (e.g., camera-based sensor), which may, for example, be mounted
near or adjacent to plunger 706. This information may be transmitted to a controller, which
can be programmed to interpret the signal pattern in light of stored data that has previously
been determined empirically. The pattern of volume-change vs. time of a compressed tube
segment such as that shown in Fig. 56 may in some cases mirror the pattern to be expected
of movement vs. time when the relative position of a component of the plunger-spring-cam
follower assembly is tracked.
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[00260] Fig. 61 shows a sectional view of the pinch valves 715 and 716 and plunger
718 of the peristaltic pump of Fig. 51 in accordance with an embodiment of the present
disclosure. In various embodiments, the tube segment within the pumping apparatus is held
against an anvil plate during compression by a plunger. The tube segment may be held in
position by being secured in a form-following raceway having sufficient space to allow for
the lateral displacement of the tube segment walls asiit is being compressed. However, this
may alow for some lateral movement of the tube segment in an uncompressed state.  Fig.
62 shows an alternative arrangement in which the tube segment may be held in position by
flexible side arms or fingers that can elastically spread apart to accommodate the spreading
sides of the tube segment as it is compressed. Fig. 62 shows a plunger comprising flexible
side arms or fingers to grip a tube segment to keep it relatively immobilized in both a non-
compressed and compressed state. In an uncompressed or ‘unpinched’ state, the flexible
fingers fit snugly against the sides of the tube segment, preventing lateral movement of the
tube within the pumping apparatus. In a compressed or ‘pinched’ state, the flexible fingers
elastically spread apart to accommodate the lateral displacement of the tube segment walls
asit is compressed, maintaining the overall position of the tube segment within the pumping
apparatus.

[00261] Fig. 63 shows an embodiment of a cam mechanism of a peristaltic pump 719
in accordance with an embodiment of the present disclosure. A cam 720 controls a pinch
valve 721. A cam 722 controls plungers 723, 724, and 725. A cam 726 controls another
pinch valve 727. A latching mechanism (e.g., a magnetic latch) may prevent the plungers
723 and 725 from moving to compress the tube 728 as shown in Fig. 64.

[00262] Figs. 64, 65, and 66A show severa views of a peristaltic pump 729 in
accordance with the present disclosure. The peristaltic pump 729 includes a cam shaft 730
coupled to cams 731, 732, 733, and 734 that engage the cam followers 735, 736, 737, and
738, respectively. The cam follower 735 is coupled to a first pinch valve 739, the cam
followers 736 and 737 are coupled to a plunger 740, and the cam follower 738 is coupled to
another pinch valve 741. As shown in Figs. 60B-60C, the plunger 740 includes a pincher
744 that engages fingers 743 forming araceway.

[00263] Figs. 67-71 show severa views of a peristaltic pump 745 in accordance with
an additional embodiment of the present disclosure. The peristaltic pump 745 of Figs. 66-
71 is similar to the peristatic pump 729 of Figs. 64-66C, except that the peristaltic pump
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745 of Figs. 66-71lincludes a torque balancing cam 746 coupled to a cam follower 747 that
operate together to smooth the rotational torque of the camshaft 748.

[00264] Fig. 72A illustrates the torgque profile of arotating cam shaft of the peristaltic
pumps of Figs. 64-66C and of Figs. 67-71 in accordance with an embodiment of the present
disclosure. The torque profile 749 shows the torque of the peristaltic pumps of Figs. 64-
66C. torque 750 shows the torque produced by the torque balancing cam 746 of the
peristaltic pump of Figs. 67-71. The torque profile 751 shows the resulting net torque on the
camshaft 748 caused by the smoothing operation of the torque balancing cam 746 (also see
Fig. 72B).

[00265] Fig. 73 illustrates a cam profile for several cams for a peristaltic pump in
accordance with an embodiment of the present disclosure. The cam profile describes the
four stage pumping action described above. The solid lines describe the linear position of
the cams. The dashed lines plot the position of the plunger and valves. The Pump cam and
plunger position over time are plotted in 1300. Theinlet valve cam and inlet valve position
are plotted in 1302. The outlet valve cam and outlet valve position are plotted in 1304. In
stage 1, the outlet valve closes at 1306. Theinlet valve opens at 1308. The plunger is lifted
off the tube at 1310, which alows fluid to enter the tube under the plunger. In stage 2, the
inlet valve closes at 1312, while the plunger remains lifted off the tube. In stage 3, the
plunger is allowed to compress the tube. The position of the plunger 1314 departs from the
cam position due to the presence of fluid in the tube. The controller may execute a number
of diagnostic tests including but not limited to leak tests, air in the line, occlusions based on
the measured position and movement of the plunger during stage 3. In stage 4, the outlet
valve is opened at 1316 first. After the outlet valve is opened, the plunger is alowed to
compress the tube forcing liquid out of the pump. The plunger force is supplied by springs
acting on the plunger or springs acting on the plunger cam followers. The cam may be
formed to limit the descent of the plunger during stage 4. The actual position of the plunger
may be further limited by the fluid flow out of the tube. The processor on the pump may
actively control the plunger position by controlling the cam rotation based on the measured
location of the plunger. This closed loop control of the motor may provide low flow rates
(Fig. 74). In other embodiments at higher flows, the cam and/or motor will be controlled in

an open loop.
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[00266] Fig. 74 shows various feedback modes of a peristaltic pump in accordance
with an embodiment of the present disclosure. In a closed loop mode, feedback from the
AV S measurements and/or the linear sensor is used to control the speed of the camshaft. In
open loop mode, the speed of rotation is selected by reference to a lookup table in response
to atarget fluid flow rate.
[00267] Fig. 75 shows a graph illustrating data of a linear sensor used to estimate
fluid flow in accordance with an embodiment of the present disclosure; The delta value
from the plateau 752 caused by both inlet and outlet valves being closed in a peristaltic
pump with the plunger fully compressing against a fluid filled tube and the plateau 753
cause after the outlet valve is opened and al of the fluid is expelled out of the peristaltic
pump and the plunger is fully compressing against the tube by the force from its spring.
[00268] Figs. 76-82 show an alternate embodiment of a peristaltic pump 1200
wherein a motor 1204 may drive a cam shaft 1206 via a gear train 1208. The cams may
actuate one or more valves 1226, 1228 and a plunger 1222 via levers that rotate about a
common axis. The tube 1202 is held in place by a door 1212. The peristaltic pump 1200
may include a receptacle for a slide occluder 1200 and mechanisms that prevent a free-flow
condition on the tube during installation of the tube in the peristaltic pump 1200.
[00269] The cam shaft 1206 may include several cams 1232A-E. The cams 1232A-E
may control the position of several items that may include but are not limited to the
following: inlet pinch valve 1224, plunger 1222, outlet pinch valve 1226, and a torque
balancer. The cams 1232A-E may be contacted by wheels 1214A-E on the cam followers
1216A-E. The cam followers 1214A-E may include magnets 1218A-E. The position of
each magnet may be detected by an array of sensors 1220. The pump controller may
calculate the position of a pump plunger 1222 and valves 1226, 1228 from the sensor
signals generated by the magnets 1218A-E. The peristaltic pump 1200 may include an
ultrasonic sensor 1228 to detect the presence of the air bubbles in the fluid exiting the pump.
The ultrasonic sensor 1228 may communicate with the pump controller.
[00270] The cam followers 1214A-E may have an L shape and may pivot about a
central axis at 1230. The cam followers are held against the cams 1232A-E by springs
1234A-E. Spring 1234C may provide a torque balancing load. The springs 1234B and
1234D may provide the force to urge the plunger toward the anvil plate 1236. The springs
1234A and 1234E may provide the force to close the pinch valves 1226, 1228 against the
anvil plate 1236.
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[00271] Fig. 83 illustrates the installing tube with the slide occluder in the peristaltic
pump 1200. In step 1, the door 1212 is open. In step 2, the tube 1202 and slide occluder
1210 are placed in position in the peristaltic pump 1200. In step 3, the slide occluder 1210
isdlid into the peristaltic pump 1200 and displaces slide 1242 and lever 1240 away from the
door and displaces button 1248 forward. The tube 1202 is held near the front peristaltic
pump 1200 as the slide occluder 1210 so that the tube 1202 is in the narrow part of the slot
and pinched closed. In step 4 the door is closed. In step 5, the slide occluder 1210 pushed
out by the movement of button 1248 toward the back of the peristaltic pump 1200. The
button 1248 moves lever 1240, which draws slide 1242 forward. The forward movement of
the slide occluder 1210 releases the pinch on the tube 1202 by the slide occluder 1202.
[00272] Figs 86-88 illustrates features to prevent the user from instaling a tube
without the correct slide occluder. A tab 1250 prevents a slide occluder 1210 from being
installed that does not have a matching slot 1252. A shutter 1254 prevents the door 1212
from closing. The shutter 1254 is displaced by the slide occluder 1210 in step 3 of Fig. 83.
[00273] Figs 89-96 illustrate how the peristaltic pump 1200 prevents a free flow
condition when the tube 1202 is loaded and/or removed. The door 1212 easily opens to an
angular position 90° from the front of the peristaltic pump 1200. A small force may be
applied to further rotate the door 1212, which forces the plunger 1222 and the pinch valves
1224, 1226 into the open position. The movement of the door 1212 pulls the L shaped cam
followers 1218A-E toward the front and thereby lifts the plunger 1222 and the pinch valves
1224, 1226 off the tube 1202.
[00274] Fig. 97 illustrates the ultrasonic air sensor 1228 that may detect air bubbles
of a certain sizein the fluid downstream of the pinch valve 1266 pump. The pressure sensor
1260 may measure the static pressure in the fluid downstream of the pump. The pressure
sensor 1260 and air sensor 1228 may communicate with the pump controller.
[00275] Fig. 98-99 shows two views of a peristaltic pump 754 in accordance with an
embodiment of the present disclosure. The peristaltic pump 754 includes a door lever 755
and a door 756. Fig. 100 shows the slide occluder 757 in an open position against the tube
758. The dlide occluder 754 is carried in the dide occluder carriage 1312. The dlide
occluder carriage 760 engages a pin 761 that is in mechanical communication with the
plunger lift lever 759 in Fig. 101. Fig. 101 illustrates that as the door lever 755 is opened,a
plunger lift lever 759 is not lifting the plunger 1310 and pinch valves. Fig. 102 shows how
as the door lever 755 is opened, the carriage 760 moves forward toward the door and moves
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the dlide occluder 757 passed the tube 758 so that the tube 758 is closed as it passes into the
narrow section of the slide occluder 757. At approximately the same time that the tube 758
is pinched closed by the slide occluder 757 the forward motion of the carriage 760 rotates
the pin 761 which moves the plunger lift level 759 to lift the plungers 1310 and pinch valve
off the tube 758 as shown in Fig. 103. In Fig. 104, the door lever 755 is fully opened and
the carriage 760 stops moving. As shown in Fig. 105, the plunger lift lever 759 isin a
stable over center position that will keep the plunger 1310 off the tube 758 when the door
lever 755 isfully opened.

[00276] Figs 106-109 illustrate an interlock that may prevent the dlide occluder
carriage 760 from moving and closing the plungers 1310 and valves 1312 without the door
756 being closed first. Fig. 106 shows the door 756 open and the release tab 1316 exposed.
The interlock pin 1318 is shown in the interlocked position that prevents the slide occluder
carriage 760 from moving. A spring 1320 pushes the interlock pin 1318 toward the dlid
occluder carriage 760 and engages the interlock pin in a matching hole when the dlide
occluder carriage 760 isin position.

[00277] Figs 107-109 show the sequence of the door 756 opening and releasing the
interlock pin 1316 by withdrawing the release tab 1316. As the tab is withdrawn the
interlock pin 1318 is pushed toward the slide occluder carriage 760.

[00278] Fig. 110 shows the door 756 open and the slide occluder 757 being lifted out
of the slide occluder carriage 760. The tube 758 is in the narrow section of the dlide
occluder 757 that pinches the tube 758 closed. Fig. 111 illustrates placing the tube 758 into
the pump between the anvil plate 1324 and the plunger 1310 and valves 1312. Fig. 112
shows the dlide occluder 757 and tube 758 fully installed in the pump 754, where the slide
occluder 757 is pinching the tube 758 closed. Fig. 113 shows the door 756 and the door
lever 755 being shut which dlid the slide occluder carriage 760 toward the rear of the pump
754. The movement of the slide occluder carriage 760 pushed the slide occluder 757 past
the tube 758 so that the tube is open and rotated the pin 761 that in turn rotated the plunger
lift lever 759 that released the plungers 1310 and valves 1312 to descend and close the tube
758. Fig. 114 shows afront view of the door 756 being shut.

[00279] Figs. 115-121 show severa views of the peristaltic pump of Figs. 98-114 in
accordance with an embodiment of the present disclosure. A motor 2001 rotates gears

which in turn rotates a camshaft 772. As the camshaft 772 rotates, the cams 2003, 2004,
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2005, 2006, and 2007 rotate with the camshaft 772. The cam 2003 engages a cam follower
769, which pivots along a pivot 763 to move a pinch valve 770. The cams 2004 and 2006
engage cam follows 766 and 765, which pivot along the pivot 763 to move a plunger 767.
The cam 2007 engages the cam follower 762 to move the pinch valve 764. Additionally,
the cam 2005 engages a cam follower 768. The cam 2005 is shaped such that the
engagement with the cam follower 768 at least partially balances the torque (e.g., to reduce
the peak togue). In some embodiments, the cam 2005 and the cam follower 768 are
optional. Theinlet valve 770 (which is a pinch valve), the plunger 767, and the outlet valve
764 (which is a pinch valve) may engage the tube 771 using the three or four stages of
pumping action as described above. A bubble sensor 2008 may be used to distinguish
between a bubble and aleaking valve 764 or 770 (e.g., pinch valves) as described above.
[00280] The rotation of the cam shaft 772 may be controlled by the motor 2001 such
that while fluid is compressed by the plunger 767, the outlet valve 764 is opened by a PID
control loop to achieve a target discharge rate profile (e.g., smoothed out discharge rate) as
measured by the plunger position sensor. In some embodiments, a range of angles only
moves the outlet valve (e.g., outlet pinch valve). In yet additiona embodiments, in the four
stage pumping action described above, the movement of the plunger 767 is closed after the
outlet valve 764 opens to achieve a target discharge rate profile (e.g., smoothed out
discharge rate) as measured by the plunger’s 767 position sensor.
[00281] Asiseasly seenin Fig. 117, the cams 2002, 2003, 2004, 2005, and 2006 are
shows as engaging the cam followers 769, 766, 768, 765, and 762, respectively. Fig. 118
shows a front view of the peristaltic pump including the plunger 767, and the pinch valves
764 and 770 positioned to engage the tube 771.
[00282] A standard tubing pump 1000 with an optical monitoring system is shown in
FIG. 127 and 128. The optical monitoring system is comprised of a camera 1010 with a
field of view that may include part or al of the plunger 1004, one pinch vave 1002, a
portion of the tube 1006, fiducial marks on the pinch valve 1014, fiducial marks on the
plunger 1016, fiducial marks on the backstop 1018, a light source (not shown) and a light
guide 1012 to illuminate the surfaces facing the camera 1010. The optical monitoring
system may further additional cameras 1010 with fields of view that include or al of the
plunger 1004, additional pinch valves 1002, a portion of the tube 1006, fiducia marks on
the pinch valve 1014, fiducial marks on the plunger 1016, fiducial marks on the backstop
1018, alight source (not shown) and alight guide 1012 to illuminate the surfaces facing the
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camera 1010. The optical monitoring system may further comprising one or more rear light
sources 1102, rear light guides 1104 and a transparent plunger 1006 to illuminate the back
side of the tube 1006 relative to the camera 1010. The camera 1010 and lights may operate
in arange of spectrums from ultraviolet to infrared.

[00283] The optical system may further be comprised of a processor, memory and
software that may alow the images to be interpreted to provide a range of information on
the status of the pump, tubing and flow that includes but is not limited to plunger position
relative to the backstop 1005, the pinch valve position relative to the backstop 1005, the
speed and direction of the plunger 1004 and pinch valve 1002, the presence of the tube
1006, the presence of liquid or gas in the tube 1006, the presence of gas bubbles in the tube
1006, the presence deformations in the tube 1006. The processor may further interpret the
information on plunger and valve position to determine fluid flow rate, presence of an
occlusion in the line, presence of aleak in the tubing,

[00284] The optical monitoring system recognizes and measures the positions of the
plunger 1004 and valves 1002 relative to the anvil plate 1005. The anvil plate 1005 is the
stationary part of the pump and elsewhere may be referred to as the counter surface or
occlusion bed. The pump controller may command the optical monitoring system may take
an image using the camera 1010 and front or rear light sources. A processor located in the
camera or elsewhere may process the image using software to identify the relative distance
and orientation of the plunger 1004 and valves 1002 relative to the anvil plate 1005. In one
embodiment, the machine vision software may identify the elements 1002, 1004 and 1005
and their location within its field of view through an edge detection algorithm as described
above. The detected edges may be e assigned to each element 1002, 1004 and 1005 based
the edge location within the field of view. By way of an example, an edge detected in the
up third of the field of view may be assigned as the anvil plate 1005, while an edge detected
in the lower left quadrant may be assigned as the pinch valve 1002 if the camera 1010 is the
on the left hand side as shown in Fig. 127.

[00285] In another embodiment, the machine vision software may identify the pinch
valve 1002, plunger 1004 and anvil plate 1005 and their location within its field of view
with fiducial marks located on each of the elements 1002, 1004 and 1005. Each element
may include one or more fiducial marks that are located within the field of view of the
camera 1010. Fiducia marks will be assigned to each element 1002, 1004, 1005 based on
the region in the field of view that it is detected. Considering the left hand camera 1010 in
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FIG. 127 by way of example, fiducia marks in the lower |eft region may be assigned as the
pinch valve 1002, while fiducial marks in the lower right region may be assigned as the
plunger 1004 and fiducial marks in the upper region may be assigned to as the anvil plate
1005. A single fiducial mark may allow the optical monitoring system to measure the
relative movement of the pinch valve 1002, and plunger 1004 to the anvil plate 1006. More
than one fiducial mark on a single element may alow the optical monitoring system to
identify elements that rotated in their plane of motion. The processor may signal a warning
or an alarm if one or more of the elements 1002, 1004 and/or 1005 have rotated beyond an
allowed amount. A significant rotation may indicate a mechanical break in the pinch valve
1002 or plunger 1004 or that the camera has rotated within its mounting on the camera door
1020.

[00286] The machine vision software may identify the fiducial elements by matching
astored template to the image. The vision software may be an off-the-shelf product such as
Open Source Computer Vision referred to as OpenCV and available for download from the
internet. The vision software may use the function or module TemplateMatching to identify
the fiducial marks from a stored templ ate.

[00287] The machine vision software may then calculate the relative position and
orientation of elements 1002, 1004 and 1005 from observed location within the camera’s
field of view and stored geometric data of the pinch valve 1002, plunger 1004 and anvil
plate 1005. The locations and orientations determined by the machine vision software may
then be passed to algorithms to identify specific conditions which include, but are not
limited to the following: pinch valve opening, pinch valve closing, plunger at maximum
stroke, plunger at minimum stroke. Other algorithms may process the machine vision
determined locations and orientation data to determine parameters that include but are not
limited to the following, plunger speed, fluid flow rate, occlusion in the line, air in the line,
external leaks. These conditions and parameters are determined in the same way as they are
determined from hall effect sensors measuring the location of the plunger 1004 and pinch
valves 1002, which is described above.

[00288] In other embodiments, the machine vision software may identify the
conditions and determine the parameters described above. In other embodiments, the
relative position and orientation of the pinch valve 1002, plunger 1004 and anvil plate 1006
may be calculated by agorithms outside the machine vision software.
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[00289] The machine vision software or algorithms that process the output of the
machine vision software may recognize a number of conditions including but not limited to
the following: tubing is not present, tubing is not correctly placed, tubing is empty of fluid,
tubing isfull of fluid, tubing is deformed, and a gas bubble is present in the liquid.
[00290] The optical monitoring system may calculate the volume of the tube with
fewer assumptions with data from an additional camera 1011 mounted at a substantial angle
to camera 1010 as shown in Fig. 128. The back light 1102, light guide 1104 may supply
infrared illumination to the back of the plunger 1004. The plunger 1004 may be nylon or
similar materia that is transparent to infrared radiation. The plunger is uncoated in the
field of view of camera 1011 to provide a clear view of the tube through the plunger 1004 in
the infrared spectrum. A machine vision software package may determine the profiles of
the tube 1006 from camera 1010 and the profile from camera 1011. An agorithm may
calculate a first thickness of the tube as seen by camera 1010 and a second distance as seen
by camera 1011. The volume of the tube may then be calculated from the two distances and
the known circumference of the tube. A comparison of the two distances and the tube
circumference may identify buckling in the tube shape that would significantly change the
volume of liquid in the tube.
[00291] The volume of fluid in the tube 1006 may depend on the shape taken by the
filled-tube when the pinch valves 1002 are closed. The shape of the tube 1006 near the
pinch valves 1002 may change after the pump is calibrated due to a number of factors
including but not limited to changes in the tubing materials, changes in manufacturing,
changes in humidity and temperature. The camera 1010 may observe the shape of the tube
1006 near the pinch valve 1002. The tube may be illuminated with visible or infrared light
from the front or back. In a preferred embodiment, the tube may be illuminated from
behind with infrared light. Here illuminating from behind refers to placing the source of the
illumination on the opposite side of the tube 1006 from the camera 1010.
[00292] In one embodiment, the machine vision software may detect the tube shape
using edge detection. An algorithm may compare the observed tube shape to a shape stored
in the memory. In one embodiment the algorithm may correct the volume of fluid per
stroke to account for the changed tube shape. In another embodiment, the algorithm
evauating the tube shape may signal a warming or alarm to a higher level algorithm. In
another embodiment, the machine vision software may confirm an acceptable tube shape by
attempting to match atemplate of the accepted tube shape to the image. The machine vision
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software or the next higher level of software control may signal a warning or alarm if an
acceptable tube shape is not identified.
[00293] The cameras 1010, 1011 may include either CCD (charge coupled device) or
CMOS (Complementary Metal Oxide Semiconductor) chips to convert light into electrical
signals that can be processes to generate an image. One example of a camera is HM0357-
ATC-00MA31 by Himax Imaging, Inc. of Irvine California USA. The cameras 1010, 1011
and lights 1012 may be powered on only when taking measurements in order to reduce
power consumption.
[00294] The pinch valve 1002, plunger 1004, tube 1006 and anvil plate 1005 may be
illuminated from the front. Front illumination refers to a light source that is on the same
side of the object of interest as the camera 1010 and supplies illumination to the camera
1010 by reflection from the object of interest. One embodiment to supply front
illumination is comprised of alight bar 1012 that transmits light from LED’ s mounted in the
camera door 1020. One embodiment of the light bar 1012 is shown in FIG. 129. Light is
supplied to the end surfaces 1032 of the light bar from LED’s or other light sources
mounted in the camera door 1020. The front surface 1030 and back surface (not shown) are
covered with a material that reflects the supplied light. In one embodiment, the front and
back surfaces are covered with an aluminized tape. Holes 1036 provide a clear field of view
for the cameras 1010. The light bar may include a surface around each hole 1036 that is
roughened to provide a diffuse light that illuminates the front of the pinch valve 1002,
plunger 1004, tube 1006 and anvil plate 1005. The area around the holes 1036 may be
recessed and then roughened to provide more diffuse light.
[00295] It may be advantageous to provide backlighting or illumination from the
opposite side of the tube 1006 relative to the camera 1010. Backlighting may allow clearer
visualization of the tube shape and or the shape of the volume inside the tube 1006. One
embodiment places the rear light source on the back of the pump 1000. The rear light
source 1102 may be an LED or other light providing illumination in the ultraviolet, visible
and or infrared range. A light guide 1104 may direct the light to the back of the plunger
1004. The plunger may be made from a material that is transparent to the spectrum of light
emitted by the light source 1102. In one embodiment, the plunger is made from nylon and
the light source 1102 provides infrared illumination, which the camera 1010 can sense. In
some embodiments, the backlight may be a plurality of light sources. The plurality of light
sources may be controlled and/or modulated such that only specific lights are on that are
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necessary to illuminate a pixel being exposed. For example, the camera may have aregion
of interest, and only the lights needed to illuminate the region of interest are turned on
during the exposure time of pixels within the region of interest. In some embodiments, the
lights may be rows and/or columns of lights and/or pixels of lights (e.g., an array of LED
lights).

[00296] The spectrum of the rear light source 1102 and camera 1010 may be selected
to maximize the visibility of the fluid in the tube. In one embodiment, the spectrum may be
broad to provide the maximum light to visualize the tube. In another embodiment, a set of
filters in front of the rear light source 1102 emits a narrow range of the infrared spectrum
that passes through the light guide 1104, plunger 1004 and tube 1006, but is absorbed by the
liquid in the tube. The light source 1102 may also emit a narrow range of the infrared
spectrum that passes through the light guide 1104. In another embodiment, the filters to
allow only the desired band of infrared are in front of the camera 1010.

ACOUSTIC VOLUME SENSING

[00297] The follow discussion describes acoustic volume sensing that may be

performed by a processor disclosed herein with a speaker and two microphones (e.g., a
reference microphone and a variable-volume microphone) of a peristaltic pump, eg., a
peristaltic pump disclosed herein; AVS may be used to estimate liquid within a reservoir
disclosed herein, to estimate an amount of liquid discharged from a reservoir disclosed
herein, and/or to estimate a liquid discharge rate of a reservoir disclosed herein. Table 1

shows the definition of various terms as follows:

Term Definition

Symbols
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Pressure

Pressure Perturbation
Volume

Volume Perturbation
Specific Heat Ratio
Specific Gas Constant
Density

Impedance

Flow friction

Cross sectional Area
Length

Frequency

Damping ratio

R vnw 8§ P » ™ N v I = < < T T

Volume Ratio

Subscripts
0 Speaker Volume

1 Reference Volume
2 Variable Volume
k Speaker

r Resonant Port

z Zero

p Pole

Table 1.

[00298] The acoustic volume sensor (“AVS’) measures the fluid volume displaced
by the non-liquid side of areservoir in the AV'S chamber, e.g., an acoustic housing or within
a reservoir, etc. The sensor does not directly measure the fluid volume, but instead
measures the variable volume of air, V2, within the AVS chamber; if the total volume of
AV'S chamber remains constant, the change in the V2 will be the direct opposite of the
change in the fluid volume. The AV'S chamber is the volume of air in fluid communication
with a variable-volume microphone beyond the acoustic port.

[00299] The volume of air, V2, is measured using an acoustic resonance. A time-

varying pressure is established in the fixed volume of the reference chamber, V1, using a
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speaker. This pressure perturbation causes cyclic airflow in the acoustic port connecting the
two volumes, which in turn causes a pressure perturbation in the variable volume. The
system dynamics are similar to those of a Helmholtz oscillator; the two volumes act
together as a “spring” and the air in the port connecting the volumes as a resonant mass.
The natural frequency of this resonance is a function of the port geometry, the speed of
sound, and the variable volume. The port geometry is fixed and the speed of sound can be
found by measuring the temperature; therefore, given these two parameters, the variable
volume can be found from the natural frequency. In some embodiments of the present
disclosure, a temperature sensor is used within the acoustic housing and/or within the non-
liquid side of a reservoir. In some embodiments, the temperature is considered to be a
predetermined fixed value, e.g., is assumed to be room temperature, etc.

[00300] The natural frequency of the system is estimated by measuring the relative
response of the pressures in the two volumes to different frequency perturbations created by
the speaker. A typica AVS measurement will consist of taking an initial measurement.
The liquid is then released from the liquid side of one or more reservoirs and delivered to
the patient (after which a second volume measurement is taken). The difference between
these measurements will be the volume of liquid delivered to the patient. In some
embodiments a measurement will be taken before filling the liquid side of the one or more
reservoirs and/or prior to discharging the liquid, e.g., when the syringe pump is preloaded,
to detect any failures of the fluidic system.

[00301] An AVS measurement may occur in accordance with the following acts: (1)
the processor will turn on power to the AV'S electronics, enable the ADC of the processor,
and initialize an AV'S algorithm; (2) an AV'S measurement consists of collecting data at a
number of different frequencies; (3) optionally measuring the temperature; and (4) then
running an estimation routine based on the collected data to estimate the volume of liquid in
the liquid side of areservoir.

[00302] To collect data at each frequency, the speaker is driven sinusoidally at the
target frequency and measurements are taken from the two microphones over an integer
number of wavelengths, e.g., the reference microphone and the variable volume microphone
(as described above). Once the data has been collected, the processor disclosed herein
performs a discrete Fourier transform agorithm on the data to turn the time-series data from

the microphones into a single complex amplitude. Integrity checks are run on the data from
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the microphones to determine if the data is valid, e.g., the response is within a
predetermined phase and/or amplitude range of the acoustic frequency.

[00303] The frequency measurements are taken at a number of different frequencies.
This sine-sweep is then used by the estimation routine to estimate the variable volume.
After the estimation is complete, other integrity checks is may be performed on the whole
sine sweep, including a secondary check by a processor disclosed herein.

[00304] In some embodiments, after the a processor disclosed herein verifies the
measurement integrity, the volume estimates are finalized and the sensor is powered off.
[00305] AV S Resonance M odel

[00306] The governing equations for the AVS system can be found from first-
principles given a few simplifying assumptions. The system is modeled as two linearized

acoustic volumes connected by an idealized acoustic port.

[00307] Modeling the Acoustic Volumes

[00308] The pressure and volume of an ideal adiabatic gas can be related by Equation
(35) asfollows:

[00309] PV" =K (35),

[00310] where K is a constant defined by the initial conditions of the system.

Equation 1 can be written in terms of a mean pressure, P, and volume, V, and a small time-

dependent perturbation on top of those pressures, p(t) : V(t) asillustrated in Equation (36)

asfollows:
oos1yy  (PHPO)VHV() =K (55
[00312] Differentiating Equation (36) results in Equation (37) as follows:
R -1 .
[00313] p(t)(V+v(t)) +7(V+v(t)) (P+p(t))v(t)=0 (37).
[00314] Equation (37) simplifies to Equation (38) as follows:
. P+ p(t) .
p(t)‘f‘}/r\rj((t))V(t) = O
[00315] (38).
[00316] If the acoustic pressure levels are much less than the ambient pressure the

Equation(38) can be further ssmplified to Equation (39) as follows:
. P.
p(t)+2-v(1)=0
[00317] v (39).
[00318] Using the adiabatic relation, Equation (40) can be shown as follows:
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P _( P+ p(t))( P+ p(t)] 7
[00319] VoVv(Y) P (40).
[00320] Thus, the error assumption is shown in Equation 41 as follows:
_r+d
eror =1- {P+—p(t)j ’
[00321] P (41).
[00322] A very loud acoustic signa (e.g., 120 dB) would correspond to pressure sine

wave with amplitude of roughly 20 Pascal. Assuming air at atmospheric conditions has the

parameters of ¥ =14 and P=101325Pa | the resulting error is 0.03%. The conversion

from dB to Pais shown in Equation (42) as follows:

P
A:ZOIoglo( "”5] B
pref or prms = pref 10 (42)’

Pre = Zolupa

[00323]

[00324] where

P=pRT , and substituting in for pressure gives

[00325] Applying the ideal gas law,
the result as shown in Equation (43) asfollows:

mo+7fjpvay:o

[00326] (43).
[00327] This can be written in terms of the speed of sound in Equation (44) as
follows:
[00328] a=\yRT (44).
[00329] And, substituting in Equation (44) in Equation (43) results in Equation (45)
asfollows:

p(t)+ par v(t)=0
[00330] \ (45).
[00331] Acoustic impedance for avolume is defined in Equation 46 as follows:

> _PH_ 1

() (vj

[00332] pa’ (46).
[00333] Modeling the Acoustic Port
[00334] The acoustic port is modeled assuming that all of the fluid in the port

essentially moves as arigid cylinder reciprocating in the axia direction. All of the fluid in
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the channel is assumed to travel at the same velocity, the channel is assumed to be of
constant cross section, and the end effects resulting from the fluid entering and leaving the
channel are neglected.

Ap=fpv

[00335] If we assume laminar flow friction of the form , the friction force

: . o F=fpAPX
acting on the mass of fluid in the channel can be written: . A second order
differential equation can then be written for the dynamics of the fluid in the channel as
shown in Equation (47) asfollows:

[00336] pLAR=APA-Fp A (47
[00337] or, in terms of volume flow rate as shown in Equation (48) as follows:

v=—Pyipp A
[00338] L PL (ag).
[00339] The acoustic impedance of the channel can then be written as shown in
Equation (49):

Z, = & = pL (s+ f—AJ
[00340] vooA L/ (a9).
[00341] System Transfer Functions
[00342] Using the volume and port dynamics define above, the AVS system can be
described by the following system of Equations 50-53:

. a .

Po— PV v, =0
[00343] 0 (50),

2

b+ 2 (v -V, ) =0

[00344] Vi (51),
2

P, + pa v, =0

[00345] Va (52), and
fA. A

Vr :__Vr +— pz_ pl
[00346] L pL (53).
[00347] One equation can be eliminated if po is treated as the input substituting

vV, .
V=P o
in pa as shown in Equations 54-56:
2

pl"‘ﬁ po_pa Vr =0

[00348] VitoM (54),
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p, + pa v, =0
[00349] Va (55), and
Vi :_f_'A\Vr ipz_i By
[00350] L pL " pL 7 (5p).
[00351] The relationship between the two volumes on each side of the acoustic port is

referred to as the Cross Port transfer function. This relationship is illustrated in Equation

(57) asfollows:

2

P _ @n
[00352] p S +2w,S5+0} (57).
oF = a’Al ‘- A
[00353] where L'V and~ 2Lon
[00354] This relationship has the advantage that the poles are only dependent on the

variable volume and not on the reference volume. Note that the resonant peak is actually
due to the inversion of the zero in the response of the reference volume pressure. This
means that that pressure measurement in the reference chamber will have alow amplitude
in the vicinity of the resonance which may influence the noise in the measurement.

[00355] Resonance Q Factor and Peak Response

[00356] The quality of the resonance is the ratio of the energy stored to the power
loss multiplied by the resonant frequency. For a pure second-order system the quality factor

can be expressed as a function of the damping ratio illustrated in Equation (58):

1
Q=
[00357] ¢ (58).
[00358] The ratio of the peak response to the low-frequency response can also be

written as a function of the damping ratio shown in Equation (59):

1
G|, =—F7—
[00359] SNP=4 (60).

[00360] Thiswill occur at the damped natural frequencya’d =oy1-¢ .
[00361] Electrical and Mechanical analogies
[00362] The acoustic resonator is analogous to either a spring-mass-damper system

or a LRC circuit, eg., a resistor, inductor and capacitor coupled together in series, for
example.

[00363] Computing the complex response
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[00364] To implement AVS, the system must get the relative response of the two
microphones to the acoustic wave set up by the speaker. This is accomplished by driving
the speaker with a sinusoidal output at a known frequency; the complex response of each
microphone is then found at that driving frequency. Finaly, the relative responses of the
two microphones are found and corrected for alternating sampling of the analog-to-digital
converter coupled to the a processor disclosed herein.

[00365] In addition, the total signal variance is computed and compared to the
variance of pure tone extracted using the discrete Fourier transform (“DFT”). This gives a
measure of how much of the signal power comes from noise sources or distortion. In some

embodiments of the present disclosure, this value can be used to reject and repeat bad

measurements.
[00366] Computing the Discrete Fourier Transform
[00367] The signal from each microphone is sampled synchronously with the output

to the speaker such that a fixed number of points, N, are taken per wavelength. The
measured signal at each point in the wavelength is summed over an integer number of
wavelengths, M, and stored in an array x by an interrupt service routine (“ISR”) in the a
processor disclosed herein after all the datafor that frequency has been collected.

[00368] A discrete Fourier transform is done on the data at the integer value
corresponding to the driven frequency of the speaker. The general expression for the first
harmonic of a DFT isasfollowsin Equation (61):

2 N-1 —z—ﬂikn
%N e
[00369] n=0 (61).
[00370] The product MN is the total number of points and the factor of 2 is added

such that the resulting real and imaginary portions of the answer match the amplitude of the
sinewave illustrated in Equation (62):

X =re(X,) 005(2—7[ knj + im(xk)sin(z—ﬂ kn}
N N (62).

[00371]
[00372] Thisreal part of this expression isillustrated in Equation (63):
N-1
re(x) = iz X, cos(z—ﬂ nj
[00373] MN 7= N J (63).
[00374] We can take advantage of the symmetry of the cosine function to reduce the

number of computations needed to compute the DFT. The expression above is equivaent to

Equation (64) asfollows:
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[00375] (
64).
[00376] Similarly, the imaginary portion of the equation is illustrated in Equation
(65) asfollows:
N-1
|m(x)———ansm(2ﬂ j
[00377] MN N (65), which may be expressed as Equation
(66):
2 1N 1
Im(X):——l:(XlN XSN) an(_nj[(xn X1N+n) (Xan_XN—n)ji}
MN 2
[00378] (6
6).
[00379] The variance of the signal at that driven frequency is illustrated in Equation
(67) asfollows:
ol = 1(re(x)2 +im(x)° )
[00380] 2 (67).
[00381] The tone variance is proportional to the acoustic power at the driven

frequency. The maximum possible value of the real and imaginary portions of x is 2**; this
corresponds to half the A/D range. The maximum value of the tone variance is 22%; half the
square of the AD range.

[00382] Computing thetotal signal variance

[00383] A good measure of the integrity of a measurement is the ratio of the acoustic
power at the driven frequency relative to the total acoustic power at all frequencies. The
total signal variance is given by the expression in Equation (68):

MN-1 MN-1 ) MN-1
total = NM Z pn W Z Pn — (NM Z pnj
[00384] n=0 n=0 (68).
[00385] However, in some specific embodiments, the summations are performed in

the A/D interrupt service routine (ISR) where there are time constraints and/or al of the
microphone data must be stored for post-processing. In some embodiments, to increase
efficiency, a pseudo-variance is caculated based on a single averaged wavelength. The
pseudo-variance of the signal is caculated using the following relation illustrated in

Equation (69) asfollows:
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N- N
total = NMz Z)ﬁf NZT\AZ(ZXHJ
(69).

[00386] n=0
[00387] The result is in the units of AD counts squared. The summation will be on
N-1
> X2 =0(Nm?2*) i i
the order of o for a 12-bit ADC. If N<2'=128 gnd M <2" =64 then

the summation will be less than 2% and can be stored in a 64-bit integer. The maximum

possible value of the variance would result if the ADC oscillated between a value of 0 and
1(212)2 _ o2

2'2 on each consecutive sample. This would result in a peak variance of 4 S0

the result can be stored at a maximum of a Q9 resolution in asigned 32-bit integer.

[00388] Computing therelative microphoneresponse
[00389] The relative response of the two microphones, G, is then computed from the
complex response of the individual microphonesillustrated in Equations 70-72:
G e _ Xar Xt
[00390] X %o X (70).
R I I
Re(G) = Re(X, )Re( X, )+ m(x,ar)zm( X )

[00391] Re(x ) +1m(xq ) (70).

R I |
[00392] Re(%« ) *'m(xref) (72).
[00393] The denominator of either expression can be expressed in terms of the

reference tone variance computed in the previous section, illustrated as follows in Equation
73:

2
[00394] Re(x. )" +1m(x, )" = 207, (73).
[00395] Correcting for A/D Skew
[00396] The speaker output may be updated at a fixed 32 times per sample. For

example, as the driving frequency is changed, the speaker output frequency is also updated

to maintain the fixed 32 cycles. The two microphones are sampled synchronous with the

speaker output so the sampling frequency remains a a fixed interval of the driving

frequency. The microphone A/D measurements, however, are not sampled simultaneously;

the A/D ISR alternates between the two microphones, taking a total of N samples per

wavelength for each microphone. The result will be a phase offset between the two
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T
microphones of N . To correct for this phase offset, a complex rotation is applied to the
relative frequency response computed in the previous section.

T
[00397] To rotate a complex number an angle N it is multiplied by

€% =008({)+19N(%) | e result isillustrated in Equation (74) as follows

Gromes = (RE(G)c0s(%)—Im(G)sin(%))+(Im(G)cos(%)+Re(G)sin(%))i

[00398]

(74).

[00399] Time Delays

[00400] In some embodiments, one of the assumptions when deriving the AVS

equations is that the pressure is uniform in the acoustic volumes. This assumption is true if
the acoustic wavelength is large compared to the dimensions of the AVS chamber. The
wavelength of a sound wave at a given frequency can be computed with the following
Equation (75):

a
r==
[00401] f (75).
[00402] For example, the wavelength at 1 kHz is roughly 246 mm and at 5 kHz is

roughly 49.2 mm. The AVS chamber may have a diameter such that the time delay
associated with acoustic waves traveling through the volumes has a small but measurable
effect. The effect can be modeled as a time delay (or time advance, depending on
microphone orientation). The Laplace transform of a pure time delay, d, is illustrated in

Equation (76) asfollows:

[00403] G=€* (76).

[00404] The phase is influenced by the time delay, but not the magnitude of system
response. To correct for the time delays, the frequency response data may be corrected in
advance by applying a model fit algorithm. The complex amplitude may be rotated as a
function of frequency according the time delay equation above. The time delay may be
assumed to be fixed, so the rotation is only afunction of frequency.

[00405] The time delay may be determined by running an optimization routine to find
the time delay to minimize the modédl fit error.  Additionally or alternatively, there may be

an apparent “time advance” in the data For example, the reference microphone may
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experience a pressure perturbation slightly in advance of the acoustic port and the variable
microphone may experience a pressure perturbation slightly behind the acoustic port. These
“advances’ and “delays’ may be the effects of the propagation of the pressure waves and
are in addition to “resonant” dynamics of the system, e.g., these effects may be accounted

for.
[00406] Amplitude Leveling
[00407] The amplitude of the pressure measurements for a given speaker drive signal

may vary from device-to-device and aso as a function of the driven frequency. The device-
to-device variations result from part-to-part differences in microphone and speaker
sengitivities (e.g., roughly on the order of +/- 3 dB). The frequency-based dependencies
result from variations in speaker sensitivity over frequency as well as from the expected
dynamics of the acoustic resonance.

[00408] To compensate, in some embodiments, the speaker gain is automatically
tuned during the AVS measurement. The speaker gains are stored in an array with one
entry for each of the sine-sweep frequencies, e.g., within the memory 22 of Fig. 2. The
amplitude of the microphone signa (from either the variable or reference microphone) may
be checked against the target amplitude. If it is either too large or too small abinary search
routine may be employed to update the speaker gain at that frequency.

[00409] Checking individual measurement integrity

[00410] It is possible for component errors, failures, or external disturbances to result
in an erroneous measurement. Component failures might include a distorted speaker output
or failed microphone. External disturbances might include mechanical shock to the pump
housing or an extremely loud external noise. These types of failures can be detected using
two different integrity checks: microphone saturation and out-of-band variance.

[00411] The microphone saturation check looks at the maximum and minimum
values of the wavelength averaged signal for each microphone. If these values are close to
the limits of the A/D then aflag within the a processor disclosed herein is set indicating that
the measurement amplitude was out of range.

[00412] The out-of-band variance check compares the tone variance to the total
signal variance for each microphone. In the ideal case the ratio of these signals will be 1—
al of the acoustic power will be at the driven frequency. In the event of shock or an

extremely loud external acoustic noise, more power will be present at other frequencies and
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this value will be lower than unity. In some embodiments, normal operation may be
considered to have aratio greater than 0.99.

[00413] In some embodiments, if an individual data point fals either of these
integrity checks, it may be repeated or excluded without having to repeat the entire sine-
sweep to help facilitate AV S robustness. Other integrity checks may be done based on the
complete sine-sweep and are described later.

[00414] Volume Estimation using Swept Sine-Generalized Solution

[00415] The resonant frequency of the system may be estimated using swept-sine
system identification. In this method the response of the system to a sinusoida pressure
variation may be found at a number of different frequencies. This frequency response data
may be then used to estimate the system transfer function using linear regression.

[00416] The transfer function for the system can be expressed as a rational function
of s. The general caseis expressed below for atransfer function with an n" order numerator
and an m" order denominator. N and D are the coefficients for the numerator and
denominator respectively. The equation has been normalized such that the leading
coefficient in the denominator is 1, asillustrated in Equations (77) and (78):

G(s)- N,s"+N, " +..+ N,
T am m-1 m-2
[00417] s +D,,;8 " +D,,s “+..+ D, 77)
[00418] or
D N,s
G (S) = k:Om—l
S"+> D,s*
[00419] k=0 (78).
[00420] This equation can be re-written in the form of Equation 79 as follows:
n m-1
Gs"=) Ns -G> D,s"
[00421] k=0 k=0 (79).
[00422] Equation (80) shows this summation in matrix notation:
"N, T
Gs'| |§ - 8§ G G|
: | : : : 0
G . m n 0 _G m-1 _G 0 Dm—l
S S S S kS .
[00423] L Do | (g0).
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[00424] Where k is the number of data points collected in the swept sine. To
simplify the notation this equation can be summarized using the vectors y illustrated in
Equation (81).

[00425] y=Xc (gy).

[00426] Whereyiskby 1, xisk by (m+n-1) and c is (m+n-1) by 1. The coefficients
can then be found using a least square approach. The error function can be written as
shown in Equation (82):

[00427] e=y-XC (gp),

[00428] The function to be minimized is the weighted square of the error function; W
isak x k diagonal matrix, asillustrated in Equations 83-84.

e'We=(y- XC)TW(y— Xc)

[00429] (83).

Mo — A, (T T T T T
[00430] e'We=y"Wy—(y"Wxc) WXc + ¢ X"WIXC (64,
[00431] The center two terms are scalars so the transpose can be neglected, as
illustrated in Equations 85-87:

U - T T T
[00432] eWe=y W-2y' WXc+c x WXc (85),

U
CWe _ %y + 2XWXC =0

[00433] ac (86), and

T 1T
[00434] c=(XWX) " X" Wy 87).
[00435] In some embodiments, the complex transpose in al of these casesis utilized.

This approach can result in complex coefficients, but the process can be modified to ensure
that all the coefficients arereal. The least-square minimization can be modified to give only

real coefficientsif the error function is changed to Equation (88).

e'We=Re(y—Xc) WRe(y-Xc)+Im(y—Xc) Wim(y- Xc)

[00436] (88).

[00437] Then the coefficients can be found with the Equation (89):

00436 c=(Re(X)"WRe(X)+Im(X) Wim(X)) l(Re(X)TWRe(y)+ Im(X)" Wim(y))
(89).

[00439] Volume Estimation using Swept Sine-Solution for a 2" Order System

[00440] For a system with a 0" order numerator and a second order denominator as

shown in the transfer function illustrated in Equation (90).
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[00441] S +Dis+ D, (gy).

[00442] The coefficients in this transfer function can be found based on the

expression found in the previous section as follows Equation (92):

c:(Re(X)TWRe(X)+Im(X)TWIm(X))_l(Re(X)TWRe(y)+Im(X)TWIm(y))

[00443]
(92).
[00444] Where Equation (93) isasfollows:
G1%2 1 _G151 _Gl No
y=| @ | X=|i i : c=|D,
2
[00445] Gl 1 -Gs G 5q LB (g3
[00446] To simplify the algorithm we can combine some of terms as illustrated in
Equations 94-96:
[00447] c=D"b (9g),
[00448] where
T T
[00449] D =Re(X) WRe(X)+Im(X) WIm(X) (95), and
T T
(00450] b=Re(X) WRe(y)+Im(X) WIm(y) (96).
[00451] To find an expression for D in terms of the complex response vector G and

the natural frequency S= 1O e first split X into its real and imaginary parts as illustrated
in Equations (97) and (98), respectively, asfollows:

1 om(G) -Re(G)

Re(X)=|: : :
[00452] 1 oIm(G,) -Re(G) @7), and
0 -w,Re(G) -Im(G)
Im(X)=|: : :
0 -o,Re(G,) -Im(G,) (98)
[00453] The real and imaginary portions of the expression for D above then become

Equations (99) and (100), respectively:
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B k k k ]
DW w Im(G)o, —> W ReG)
i=1 i=1 i=1
[ [ K
Re(X) WRe(X)=|> wIm(G)w, > wIm(G)*w? > w Im(G) Re(G ),
i=1 i=1 i=1
k k k
~YWReG) - wIm(G)RG)a W Re(G,)?
L =l i=1 i=1 |
(99), and
0 0 0
k k
Im(X)"WIm(X)=|0 W Re(G )’ w? W Im(G ) Re(G o,
i=1 i=1
K K
0 W Im(G ) Re(G)) o, zwu Im(G)*
[00454] L= =1 J
(100).
[00455] Combining these terms gives the final expression for the D matrix. This
matrix will contain only real values, as shown in Equation (101) as follows:
B k K k
DLW w Im(G ) —> WRe(G)
i=1 i=1 i=1
k k
D=|>wImG)a Y w(R(G)*+Im(G)*)w’ 0
i=1 i=1
K [
—> W Re(G) 0 w (Re(G)* +Im(G)?)
[00456] Lo =1
(102).
[00457] The same approach can be taken to find an expression for the b vector in
termsof Gand @ . Thereal and imaginary parts of y are illustrated in Equation 102-103.
~Re(G,)of -Im(G,)of
Re(y)= : Im(y)= :
— 2 _ 2
[00458] Re(G) | (102), and MG | 103).
[00459] Combining these two gives the expression for the b vector illustrated in

Equation 104 as follows:
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b=Re(X) WRe(y)+Im(X) Wim(y)= 0

[00460]

k

-Y" W Re(G )

i=1

> w (Re(G )" + Im(G ) o

L -4(104).
The next step is to invert the D matrix.

The matrix is symmetric and

positive-definite so the number of computations needed to find the inverse will be reduced

from the genera 3%3case. The general expression for a matrix inverse is shown in
Equation (105) as:

[00461]
[00462]

[00463]
[00464]

[00465]
[00466]

o1 ag(Dp)
det(D) (105).
If D isexpressed as in Equation (106):
dll d12 d13
D=/d, d, O
dl3 O d33 (106)’
then the adjugate matrix can be written as in Equation (107) as follows:
I d22 O _ d12 O d12 d22 |
O d33 dl3 d33 dl3 O a1 al al
d, d d, d d, d vors
adJ(D): N 12 13 11 13 N 11 12 — alz a22 a23
O d33 d13 d33 d13 O
Q3 Gyp g
d12 d13 _ dll d13 dll d12
L d22 0 d12 0 d12 d22 | (107).

Due to symmetry, only the upper diagonal matrix needs to be calculated.

The Determinant can then be computed in terms of the adjugate matrix values, taking

advantage of the zero elements in the original array as illustrated in Equation (108) as

follows:

[00467]
[00468]

[00469]
[00470]

det( D) = a12d12 + azzdzz (108).

Finally, the inverse of D can be written in the form shown in Equation (109):

Dlo_ 1
det(D)

adj(D)
(109).

In some embodiments, we may solve the value in Equation (110):
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c=D"b= adj(D)b
[00471] det(D) (110);
[00472] So that Equation (111) is used:

a, a, a|h 1 ayby +ah,
= O =

c det(D) A, 8y ay det(D) b + 2D,
[00473] a; 8y ag]|b b +agb; (111),
[00474] To get a quantitative assessment of how well the data fits the model, the

original expression for the error as shown in Equation (112) is utilized:

e'We=Re(y—Xc) WRe(y-Xc)+Im(y—Xc) Wim(y- Xc)

[00475] (112).
[00476] This can be expressed in terms of the D matrix and the b and c vectors
illustrated in Equation (113):
[00477] e'We=h-2c'b+c'Dc (113),
[00478] where:

_ T T
[00479] h=Re(y" )WRe(y)+Im(y" )Wim(y) (114), and

[
h=> w(Re(G)" +Im(G)*) o

[00480] i=1 (115).
[00481] In some embodiments, to compare the errors from different sine sweeps, the

fit error is normalized by the square of the weighted by matrix as follows in Equation (116),
where hisascaar:

e'Weh = ( h—2c"b+c Dc) h

[00482] (116).
[00483] Volume Estimation using Swept Sine-Estimating volume
[00484] The model fit may be used such that the resonant frequency of the port may

be extracted from the sine sweep data. The delivered volume may be related to this value.
The ideal relationship between the two can be expressed by the relation illustrated in
Equation (117):

, a‘Al
W, = —
[00485] L V2 ().
[00486] The speed of sound will vary with the temperature, so it is useful to split out

the temperature effects as shown in Equation (118):
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2 VRAL
[00487] L V2 (119).
[00488] The volume can then be expressed as a function of the measured resonant

frequency and the temperature, illustrated in Equation (119) as follows:

V, = Cl2

[00489] “n (119).

[00490] Where C isthe calibration constant illustrated in Equation (120) as follows:
c_YRA

[00491] L (120).

[00492] Volume Estimation using Swept Sine-Volume estimation integrity

checks

[00493] In some embodiments, a second set of integrity check can be performed out

of the output of the mode fit and volume estimation routines (the first set of checksis done
at the FFT level). Checks may be done either through redundancy or through range
checking for severa values, such as. (1) modd fit error, (2) estimated damping ratio, (3)
estimated transfer function gain, (4) estimated natural frequency, (5) estimated variable
volume, and (6) AV S sensor temperature.

[00494] In addition, portions of the AVS calculations may be done redundantly on
the a processor disclosed herein using an independent temperature sensor and an
independent copy of the calibration parameters to guard against RAM failures, in some
specific embodiments.

[00495] Volume Estimation using Swept Sine-Disposable Detection

[00496] The presence of the disposable, e.g., cartridges or reservoirs that are
attachable, may be detected using a magnetic switch and mechanical interlock, in some
specific embodiments. However, a second detection method may be used to 1) differentiate
between the pump being attached to a disposable and a charger, and 2) provide a backup to
the primary detection methods.

[00497] If the disposable is not present, the variable volume, V-, is effectively very
large. As aresult, there will be a normal signal from the reference microphone, but there
will be very little signal on the variable microphones. If the mean amplitude of the
reference microphone during a sine sweep is normal (this verifies that the speaker is
working) and the mean amplitude of the variable microphone is small, aflag is set in the a

processor disclosed herein indicating that the disposable is not present.
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[00498] Implementation Details-Sizing V1 Relativeto V2

[00499] Sizing V1 may include trading off acoustic volume with the relative position
of the poles and zeros in the transfer function. The transfer function for both Vi and V. are
shown below relative to the volume displacement of the speaker asillustrated in Equations
121-124, asfollows:

p, __p& @,
[00500] VoV, S+2ostao] (121), and
p_ p& S +2w,5+a0;
[00501] v, V, S+20s+o’ (122)
[00502] where
oo,fzazAi g:i az(lJrﬁj
[00503] LV, © 2Lloy (123) and Vi) (124,
[00504] As V1 is increased the gain decreases and the speaker must be driven at a

higher amplitude to get the same sound pressure level. However, increasing Vi1 has the
benefit of moving the complex zeros in the p: transfer function toward the complex poles.

V, =

In the limiting case where then @ =1 and you have pole-zero cancellation and a

flat response. Increasing V1, therefore, has the reduces both the resonance and the notch in

the p1 transfer function, and moves the p. poles toward ®n the result is a lower sengitivity

to measurement error when calcul ating the po/p: transfer function.

[00505] | mplementation Details-Aliasing

[00506] Higher frequencies can alias down to the frequency of interest. The aliased
frequency can be expressed in Equation (125) as follows:

[00507] f=[f=nff (105

[00508] Where f, is the sampling frequency, f, is the frequency of the noise source,

N isapositive integer, and | isthe aliased frequency of the noise source.

[00509] The demodulation routine may filter out noise except at the specific
frequency of the demodulation. If the sample frequency is set dynamically to be a fixed
multiple of the demodulation frequency, then the frequency of the noise that can alias down
to the demodulation frequency will be a fixed set of harmonics of that fundamental

frequency.
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[00510] For example, if the sampling frequency is 8 times the demodulation

frequency then the noise frequencies that can aias down to that frequency are

f [ 11 _{lliiii }

[00511] f |ng+1'ng-1] [(7'91517'23'25"" (126)
B = I -8

[00512] where f (227). For B =16 \ye would have the series

L_{i 111 }
[00513] f 1517 31 33 (127).
[00514] Sour ces of Avs M easurement Error-Avs Chamber M ovement
[00515] In some embodiments, one of the assumptions of the AVS measurement is

that the total AVS volume (V2 plus the volume taken up the by the other components) is
constant. However, if the AVS housing flexes the total volume of the AVS chamber may
change dightly and affect the differentia volume measurement. In some embodiments, to

keep the contribution of the volume error is kept to be less than 1.0% of the fluid delivery.

[00516] Sources of Avs Measurement Error-External Noise

[00517] In some embodiments, external noise sources may be filtered out.

[00518] Sour ces of Avs Measurement Error-M echanical Shock

[00519] Mechanical shock to the pump housing during an AVS measurement will

affect the microphone measurements and may result in an error in the frequency response
data. This error, however, is detectable using the out-of-band variance check in the
demodulation routine by the a processor disclosed herein. If such an error is detected, the
data point can be repeated (e.g., another sample is taken) resulting in little or no effect on
the resulting AV S measurement.

[00520] Sour ces of Avs M easurement Error-Air in the AVS Chamber

[00521] A mechanism for an air bubble to affect the AVS measurement is through a
secondary resonance. This secondary resonance will make the system 4" order and,
depending on the frequency and magnitude of the secondary resonance, can cause some
error if the estimation is using a 2" order mode.

[00522] Sour ces of Avs M easurement Error-Electrical Component Failure
[00523] In general, failure an electrical component will result in no signal or in
increased harmonic distortion. In either case the fault would be detected by AVS integrity
checks and the measurement invalidated.
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[00524] The one exception that has been identified is a failure of the oscillator used
to control the DAC and ADC. If this oscillator were to drift out of tolerance it would
introduce a measurement error that would not be detected by the low-level integrity check
(it would be detected in an extreme case by the volume integrity checks described above).
To guard against these failures, in some embodiments, the oscillator is checked against an
independent clock whenever an AV S measurement is initiated.

L-Shaped Cam Follower Peristaltic Pump
[00525] Figs. 131-179 show another embodiment of a peristaltic pump 2990.
[00526] Fig. 131 illustrates a peristaltic pump 2990 comprising a pumping
mechanism 3000, display 2994, buttons 2996, chassis 2992, and clamp 2998. The chassis
2992 includes an extension 2992A above the pumping mechanism 3000 that deflects liquid
away from the inside of the mechanism.
[00527] Figs. 132A-B illustrate a peristaltic pumping mechanism 3000 having L-
shaped cam followers 3090, 3101, 3110 (see Fig. 150) in an exploded view. A housing,
composed optionally of two halves, 3005, 3010 provides a mounting for a cam shaft 3080, a
main PCB 3002, a cam-follower shaft 3120, a gear head assembly 3070, and hinge points
3010A to mount a door 3020. The two halves 3005, 3010 may be an upper half 3010 and a
lower half 3005. The sensor housing 3015 may mount to the housing halves 3005, 3010 and
provide an attachment point to a sensor mount 3060 and a rotation sensor board 3130 (Fig.
133). An air-in-line detector 3066 (see Fig. 133) and a pressure sensor 3068 (Fig. 133) may
be attached to the sensor mount 3060.

[00528] Fig. 133 illustrates the pumping mechanism 3000 having L-shaped cam
followers 3090, 3101, 3110 (see Fig. 150) with the door assembly 3021 fully open and the
infusion line 3210 and dlide occluder 3200 mounted in the door 3020. The door assembly
3021 is mounted to the housing halves 3010, 3005 via two hinges 3010A and a hinge pin
3012 (Fig. 134). In the open position, the door assembly 3021 may provide convenient
receiving elements, which may serve to locate an infusion line 3210 on the door assembly
3021. The receiving elements may locate the infusion line 3210 so that it properly
interfaces or lines up with the sensors and active elements of the peristaltic pump 2990. The
sensors may, for example, include a pressure sensor 3068 (Fig. 133) and/or an air-in-line
sensor 3066 (Fig. 133). The active elements may include, for example, the plunger 3091,
inlet valve 3101 and outlet valve 3111 (Fig. 136). The receiving elements in the door 3020
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may include one or more of the following: grooves in the door 3020K (see Fig. 135), clips
3062A (Fig. 133), clip inserts 3024 (Fig. 133), platen 3022 (Fig. 133, 135). The clips
3062A (Fig. 133) and 3024 (Fig. 133) may be fabricated out of any suitable, non-
deformable, non or minimally compliant material. The clips 3062A are preferably molded
from plastic such as nylon, but many other materials including ABS plastic, auminum, stedl
or ceramics may be used.

[00529] The door assembly 3021 (Fig. 133) may include a receiving element for the
slide occluder 3200. The slide occluder 3200 receiving elements in the door assembly 3021
may hold the slide occluder 3200 in position so that the slide occluder 3200 enters a
receiving opening in the pump body 3001 (Fig. 141). Some of the slide occluder 3200
receiving elements may include features that prevent the infusion set from being loaded
incorrectly. In one embodiment, door split carriage 3040 includes aslot to receive the slide
occluder 3200 and hold it perpendicular to the infusion line 3210 as the door assembly 3021
is closed against the pump body 3001. The side occlude 3200 may include tabs 3040C
(FIG. 135) that alow the slide occluder 3200 to only be inserted such that cutouts 3200A
(Fig. 137) line up with tabs 3040C (FIG. 137). In another embodiment, the door 3020 may
include tabs 3020F (Fig. 138, 139) that alow the slide occluder 3200 to only be inserted
such that cutouts 3200A (FIG. 137) line up with tabs 3020F (FIG. 138). The door 3020
(FIG. 133) may include tabs 3020D (Fig. 135) that prevent the slide occluder 3200 (Fig.
133) from being inserted with the tab 3200B (Fig. 137) toward the door assembly 3021
(FIG. 133). The tabs 3020F located on the door 3020 and/or on the door-split-carriage 3040
(FIG. 133) may alow the dlide occluder 3200 to be inserted in only one orientation and
thereby force the correct orientation between the infusion set and the pumping mechanism
3000. The platen 3022 (Fig. 133) receives the infusion line 3210 and provides a general
“U” shape to constrain the infusion line 3210 as a plunger 3091 deforms the infusion line
3210 during pumping.

[00530] Fig. 140 illustrates, in an exploded view, the door assembly 3021 including
the lever 3025 and the split carriage 3041 of the peristaltic pumping mechanism 3000 (FIG.
133) having L-shaped cam followers 3090, 3101, 3110 (see Fig. 150). Infusion line 3210
receiving elements 3062, 3022 (Fig. 136) 3024 (Fig. 133) may be mounted respectively in
recesses 3020A, 3020B, 3020E of the door 3020. The door assembly 3021 may include a
door split carriage 3040 that is connected to the lever 3025 via link 3035. The door
assembly 3021 may also include a flat spring 3032 that is a sheet of resilient materia such
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as spring-steel. The flat spring 3032 may be pressed against the door 3020 by the latch pin
3034 as the lever 3025 grips the body pins 3011 (Fig. 173) on the pump body 3001 and
draws the latch pin 3034 toward the pump body 3001. The latch pin 3034 moves along slot
3020C in the door 3020 as the latch hooks 3025C engage the body pins 3011.
[00531] Fig. 141 illustrates the peristaltic pump 2990 (Fig. 131) having L-shaped cam
followers 3090, 3101, 3110 (see Fig. 150) with the door assembly 3021 open and the lever
3025 retracted. The main PCB 3002, which includes the control processors and some
sensors is shown attached to the top of the upper housing 3010. A motor 3072 and gear
head 3070 are shown in position at one end of the upper housing 3010. The rotation sensor
assembly 3130 may be mounted on the lower housing half 3005. The pump body 3001 may
comprise housing halves 3005, 3010, the rotating, and reciprocating mechanisms inside the
housing halves 3005, 3010, the motor 3072 and gearbox 3070, the sensors and the structure
in which the above mount.
[00532] Fig. 136 illustrates the peristaltic pump 2990 (Fig. 131) having L-shaped cam
followers 3090, 3101 ,3110 (see Fig. 150) with the door 3020 open and the upper housing
3010 and other elements removed to reveal the cam-shaft 3080, the plunger 3091 and valves
3101, 3111. The motor 3072 drives the cam shaft 3080 through the gearbox 3070. The
motor 3072 may have a drive shaft whose the speed and/or position can be controlled. In
one embodiment the motor 3072 is a brushless DC servo-motor 3072 controlled by a motor
controller 3430 (see FIG. 202B) that may be mounted on the main PCB 3002. In aternative
embodiments, the motor 3072 may be a stepper motor 3072, a DC brushed motor 3072 or
an AC motor 3072 with the appropriate controller.
[00533] The motor 3072 may be fixedly coupled to the gearbox 3070 allowing the
motor/gearbox unit to be attached as a unit to the cam shaft 3080 and upper housing 3010.
The gear reduction of the gearbox 3070 increases the torque, while increasing the number of
motor 3072 rotations per rotation of the cam shaft 3080 (Fig. 136). In one embodiment, the
gearbox 3070 has areduction ratio of 19:1. The gear reduction allows reasonabl e resolution
on the cam shaft 3080 (Fig. 136) position with arelatively few number of hall sensorsin the
motor 3072. In one embodiment, three hall sensors and eight windings produce twenty-four
crossings per revolution. The twenty-four crossings combined with a 19:1 gear ratio
provides better than 0.8° angular resolution on the cam shaft 3080 (Fig. 136) rotation.
[00534] The rotation of the cam shaft 3080 (Fig. 136) may be directly measured with
arotation sensor 3130 (Fig 257) that detects the position of the magnet 3125 on the end of
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the cam shaft 3080 (Fig. 136). In one embodiment, the sensor is a single-chip magnetic
rotary encoder I1C that employs 4 integrated Hall elements that detect the position of the
magnet 3125 (Fig. 136), a high resolution analog to digital converter and a smart power
management controller. The angle position, alarm bits and magnetic field information may
be transmitted over a standard 3-wire or 4-wire SPI interface to a host controller. One
example of a rotary encoder is model AS5055 manufactured by Austriamicrosystems of
Austriathat provides 4096 increments per rotation.
[00535] The movements of the valve 3101, 3110, and the plunger 3090 are controlled
by the rotation of the cam shaft 3080 that turns individua cams 3083, 3084, 3082 (FIG
142), which in turn deflects a roller end 3092, 3102, 3112 (Fig. 150) of the L-shaped
followers 3090, 3100, 3110 (Fig. 150) downward. The L-shaped cam followers 3090, 3100,
3110 (Fig. 150) rotate about the cam-follower shaft 3120, so downward movement of the
roller end 3092, 3102, 3112causes the active end to pull away from the infusion line 3210
(Fig. 152). Torsiona springs 3094, 3104, 3114 (FIG. 150) on each of the L-shaped cam
followers 3090, 3100, 3110 (Fig. 150) urge the rollers 3092, 3102, 3112 upward against the
cams 3082, 3083, 3084 (Fig. 152) and urge the active ends 3091. 3101, 3111 toward the
infusion line 3210.
[00536] The profiles of the outlet valve cam 3084, plunger cam 3083, and inlet valve
cam 3082 are pictured in FIGS. 147-149. These profiles produce a valve sequence similar
to that plotted in FIG. 73. The cams 3084, 3083, 3082 may be connected to the cam shaft
3080 in any of the standard methods including adhesive, press fit, keyed shaft. In some
embodiments, the cams 3084, 3083, 3082 may be physicaly integrated into the cam shaft
3080 as a single piece. In one embodiment, the cams 3084, 3083, 3082 have a key slot
3082A, 3083A, 3084A and are pressed onto the cam shaft 3080 against a shoulder (not
shown) with akey (not shown) to rotationally locate the cams 3084, 3083, 3082 on the cam
shaft 3080 and a circle clip 3085 to hold the cams 3084, 3083, 3082 in position along the
axis of the cam shaft 3080. The cam shaft 3080 is mounted in the upper and lower housings
3005, 3010 by bearings 3086. In one embodiment, the bearings 3086 are sealed roller
bearings.
[00537] Fig. 150 illustrates the plunger L-shaped follower 3090, valve L-shaped cam
followers 3101, 3110 and cam-follower shaft 3120 in an exploded view. The L-shaped cam
followers 3090, 3100, 3110 mount on the cam-follower shaft 3120 and rotate freely on the
cam-follower shaft 3120. The rotation of the L-shaped cam followers 3090, 3100, 3110 on
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the cam-follower shaft 3120 may be facilitated by bearings. In one embodiment, the
bearings are solid flanged bushings 3095, 3105, 3115 pressed into the bodies 3093, 3103,
3113 of the L-shaped cam followers 3090, 3100, 3110. The bearings may be any low
friction bushing including bronze, brass, plastic, nylon, polyacetal, polytetrafluoroethylene
(PTFE), ultra-high-molecular-weight polyethylene (UHMWPE), rulon, PEEK, urethane,
and vespel. The flanges on the bushings 3095, 3105, 3115 may serve as axia bearing
surfaces between adjacent L-shaped cam followers 3090, 3100, 3110 and between the valve
L-shaped cam followers 3101, 3110 and the housing halves 3005, 3010 (Fig. 141). The
flanges on the bushings 3095, 3105, 3115 (Fig. 150) may also serve to properly space the
active ends 3091, 3101, 3111 (Fig. 150) of the L-shaped cam followers 3090, 3100, 3110
(Fig. 150) relative to platen 3022 (Fig. 133) on the door assembly 3021 (Fig. 133).
[00538] The cam-follower shaft 3120 (Fig. 150) may include end sections 3120A
(Fig. 150) that are eccentric relative to the center section 3120B (Fig. 150) of the cam-
follower shaft 3120 (Fig. 150). The position of the cam-follower shaft 3120 (Fig. 150)
relative to the cam-shaft 3080 (Fig. 136) and/or platen 3022 (Fig. 136) may be finely
adjusted by turning the eccentric end 3120A. Turning the eccentric end 3120A alows
adjustment of the lash between rollers 3092, 3102, 3112 and the cams 3084, 3083, 3082
(Figs. 147-149) on the cam shaft 3080 (Fig. 136).
[00539] The end section 3120A of the cam-follower shaft 3120 (Fig. 150) may
include a feature 3120C to receive a tool such as a screw driver, hex key or other tool
capable of applying atorque to the cam-follower shaft 3120 (Fig. 150). In one embodiment,
the feature is a ot sized to accept a slot-headed screw driver. The eccentric ends 3120A fit
in holes formed by cut-outs 3005D, 3010D (see Fig. 154) in the housing halves 3005, 3010
respectively. In one embodiment, the holes formed by cutouts 3005D, 3010D (Fig. 154) do
not bind the cam-follower shaft 3120 (Fig. 150) in order to alow adjustment. A clamping
element may be added to secure the rotary position of the cam-follower shaft 3120 (Fig.
150). In one embodiment, the clamping element is a set screw in threaded hole 3120A.
[00540] The L-shaped cam followers 3090, 3100, 3110 (Fig. 150) or actuators
comprise rollers 3092, 3102, 3112 that touch the cams 3084, 3083, 3082 (Figs. 147-149),
an elastic element 3094, 3104, 3114 that urges the contacting element toward the cam
surface, and an L-shaped structure 3093, 3103, 3113 that includes a bore, which mounts on
the cam-follower shaft 3120 and connects the rollers 3092, 3102, 3112 to the active element
3091, 3101, 3111 that in turn touches the infusion line 3210. The L-shaped cam followers
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3090, 3100, 3110 (Fig. 150) additionally include flanged bearings 3095, 3105, 3115
mounted in the bore of the structure 3093, 3103, 3113 (Fig. 150).
[00541] In one embodiment, the rollers 3092, 3102, 3112 rotate about a shaft 3096,
3106, 3116 that is mounted in the structures 3093, 3103, 3113 (Fig. 150). Rollers are
preferred as the contacting element in order to reduce the load on the motor 3072 and
improve peristaltic pump 2990 repeatability. In other embodiments a different type of
contacting element may be used.
[00542] In one embodiment, the active elements, or inlet valve 3101, plunger 3091,
an outlet valve 3111, are formed as part of the L-shaped cam followers 3090, 3100, 3110
(Fig. 150). In one embodiment, the active elements, 3091, 3101, 3111 are removably
attached to the structure of each L-shaped cam follower 3090, 3100, 3110 (Fig. 150). In
one embodiment, the active elements 3091, 3101, 3111 (Fig. 150) may be mechanically
attached with screws. In other embodiments, the active elements 3091, 3101, 3111 (Fig.
150) may include studs that pass through holes in the structures 3093, 3103, 3113 (Fig. 150)
and are held in place with nuts, or the active elements 3091, 3101, 3111 (Fig. 150) may
include plastic studs that snap into receiving elements in the structures 3093, 3103, 3113
(Fig. 150).
[00543] The elastic elements 3094, 3104, 3114 urge the L-shaped cam followers
3090, 3100, 3110 (Fig. 150) against the cam surfaces of the cams 3084, 3083, 3082 (Figs.
271-273) and toward the platen 3022 (Fig. 136) and infusion line 3210. In one
embodiment, the elastic elements 3094, 3104, 3114 (Fig. 150) are coiled torsion springs that
wrap around the section of the structures 3093, 3103, 3113 (Fig. 150) that includes the bore.
One end of the torsion springs press against the L- shaped cam follower structures 3090,
3100, 3110 (Fig. 150) between the bore and the rollers 3092, 3102 and 3112. The other
end of the spring contacts the fixed structure of the peristaltic pump 2990. In one
embodiment the other end of each spring contacts a spring retainer 3140 (Figs 151, 152)
that may include a slot 3140A to capture the spring end. A retainer set screw 3142 (Fig.
151) can be turned to move the spring retainer 3140 within the upper housing 3010 and
apply aload against the elastic elements 3094, 3104, 3114. At some cam 3084, 3083, 3082
(Figs. 147-149) rotary positions, the load applied to the spring will in turn be applied by the
active ends 3091, 3101, 3111 to the infusion line 3210. The compressive load of each
active ends 3091, 3101, 3111 (Fig. 150) on the infusion line 3210 may be adjusted by
turning the corresponding retainer set screw 3142.
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[00544] In another embodiment, the elastic elements 3094, 3104, 3114 (Fig. 150) are
helical springs that are located between the L-shaped cam followers 3090, 3100, 3110 (Fig.
150) and the structure of the pump body 3001. The helical springs are located such that
they urge the follower-end or roller-end of the L-shaped cam followers 3090, 3100, 3110
(Fig. 150) toward the cams 3082, 3083, 3084 (Fig. 147-149). The helical springs may also
urge the active end of the L-shaped cam followers 3090, 3100, 3110 (Fig. 150) toward the
platen 3022 (Fig. 136). One arrangement of helical springs and L-shaped cam followers
3090, 3100, 3110 isshown in Figs. 81, 82, 95, 96.

[00545] Fig. 152 shows a cross-section of the pump mechanism 3000 including
sections of the plunger cam 3083, plunger 3091 and platen 3022. The cam shaft 3080 turns
the plunger cam 3083 which is keyed to the shaft at 3084A. The cam 3083 displaces the
cam contacting element or cam roller 3092, which is part of the plunger 3091 L-shaped cam
follower 3090. The plunger 3091 L-shaped cam follower 3090 rotates about the cam-
follower shaft 3120. The plunger 3091 L-shaped cam follower 3090 is held against the
plunger cam 3083 by the elastic element 3094. One end of the elastic element 3094A
contacts the structure 3093, while the free end of the elastic element 3094B contacts the
spring retainer 3140. The plunger 3091 compresses the infusion line 3210 against the platen
3022. The plunger 3091 retracts from the platen 3022, when the plunger cam 3083
depresses the cam-roller 3092.

[00546] Fig. 153 presents a cross-section of the plunger 3091, platen 3022 and
infusion line 3210 at the bottom of the plunger 3091 stroke. At the top of the plunger 3091
stroke, the non compressed infusion line 3210 has a nominally round cross section that
contains a maximum volume. The pumping mechanism 3000 maximizes pumping per
stroke by allowing the infusion line 3210 to completely fill at the top of the stroke and
minimize the volume inside the infusion line 3210 at the bottom of the plunger 3091 stroke.
The amount of volume pumped may be impacted by the shape of the plunger 3091, the
length of the plunger 3091 stroke and the shape of the platen 3022. However, if the infusion
line 3210 is completely crushed, the forces on the plunger 3091 may be higher than needed,
which may necessitate larger elastic elements 3090, 3100, 3110 (Fig. 150) and or a larger
motor 3072 or higher power draw. The higher power draw may shorten the time the
peristaltic pump 2990 can run on a battery 3420 or may create a heavier peristaltic pump
2990 due to a large battery 3420. The design of the plunger 3091 and platen 3022 may be
selected to balance increased volume against higher loads on the plunger 3091. In one

76°



10

15

20

25

30

embodiment, the plunger 3091 and platen 3022 are designed to avoid compressing infusion
line 3210 walls by providing a gap between the plunger 3091 and the platen 3022 that is
dightly larger than two times the infusion line 3210 wall thickness.
[00547] In one embodiment, the plunger cam 3083 and plunger L-shaped cam
follower 3090 are designed provide a minimum clearance 3022G between the tip of the
plunger 3091B and the bottom of the platen 3022D. In one example, the clearance 3022G is
2 to 3 times the infusion line 3210 wall thickness and sufficient such that the infusion line
3210 walls do not touch between the plunger tip 3091B and platen bottom 3022D. In one
example, the clearance 3022G between the plunger tip 3091B and the bottom of the platen
3022D is approximately 0.048”, which is 9% larger than twice the wall thickness of an
example infusion line 3210. In another example, the clearance 3022G may be as small as
2% larger than twice the wall thickness of an example infusion line 3210. In another
example the clearance 3022G may be as large as 50% larger than twice the wall thickness of
an infusion line 3210.
[00548] In one embodiment, the dimensions of the platen 3022 and plunger tip 3091B
are selected to provide a clearance 3022G that is 2 to 3 times the wall thickness of asingle
wall of the infusion line 3210. In one example, the clearance 3022G between the plunger
tip 3091B and the platen 3022 is 8% to 35% larger than twice the wall thickness of an
example infusion line 3210. The clearance 3022G will alow the sides of the infusion line
3210 to fold without pinching the fold shut. In one embodiment, the plunger tip 3091B has
aradius of 0.05” and sides 3091C that have an angle between them of 35". The sides 3091C
may meet the plunger tip 3091B radius at a tangent angle. The length of the plunger tip
3091D may be 0.116”. The platen bottom 3022D may be flat and have a radius 3022C on
each side. The length of the platen bottom 3022D and radii 3022C are selected to maintain
a clearance 3022G between the plunger tip 3091B and the platen 3022 that is more than
twice the infusion line 3210 wall thickness. In one example, the platen bottom 3022D is
0.05 long and each radius 3022C is 0.06”. Side 3022B is angled away from the plunger
3091. The shorter side 3022E is nearly vertical. Side 3022F is at a less vertical angle than
the plunger walls 3091C to allow the plunger tip 3091B to enter the platen 3022 as the door
assembly 3021 is closed.
[00549] The plunger 3091 and platen 3022 may include two flat sections 3091A and
3022A which provide a mechanical stop. The flat sections 3091A and 3022A may aso be
referred to herein as stops 3091A and 3022A. The mechanica stops 3091A, 3022A may
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improve the reliability and reduce the uncertainty of the volume measurement. As
described elsewhere, the volume is determined from the change in plunger 3091 position
from the beginning of the displacement stroke to the end of stroke. The stops 3091A and
3022A may remove the uncertainty or tolerance in the bottom of stroke measurement. The
profile on the plunger cam 3083 may be designed to lift off the roller 3092, when the flat
section 3091A contacts the platen 3022 at 3022A.
[00550] The plunger 3091 and platen 3022 may be formed of with a surface that
easily dlides on an infusion line 3210 material of PVC or Non-DEHP. In one embodiment,
the plunger 3091 and platen 3022 may be formed of nylon. In another embodiment, the
plunger 3091 and platen 3022 may be metal (e.g. aluminum) that is coated with PTFE. In
other embodiments, other plastic may be used or other coatings applied to a metal plunger
3091 and/or platen 3022 that provide a low friction coefficient with a PVC or Non-DEHP
infusion line 3210.
[00551] The cam shaft 3080 and the cam-follower shaft 3120 are mounted in cut-outs
3005C, 3005D, 3010C, 3010A in the lower and upper housing 3005, 3010 as shown in Figs
136, 154. The accuracy of the movements of the valves 3101, 3111 and the plunger 3091 as
well as the usage life of the roller elements 3092, 3102, 3112 and cams 3082-3084 are
improved by better parallel aignment and correct spacing of the two shafts 3080, 3120.
The parallel alignment and spacing of the two shafts 3080, 3120 are controlled in part by the
paralle aignment and spacing of the cutouts 3005C, 3005D, 3010C, 3010A. In one
embodiment, the two parts of the housing 3005, 3010 are formed without the cutouts (Figs
154, 155). The two parts are then mechanically joined and the holes 3006, 3007 are drilled
or bored by the same machine in the same setup (Fig 156) at the same time. In some
embodiments, the two housing parts 3005, 3010 include features to hold them in a fixed
alignment with one another when assembled. In one example, the housing 3005, 3010
alignment features are pins pressed in one part and matching holes in the other. In another
example, features on one part extend across the split line 3008 to engage features on the
other part. The operation of accurately boring holes is sometimes referred to as line boring.
Line boring may improve the paralel aignment of the cutouts 3005C, 3005D, 3010C,
3010A. The line boring of the cutouts 3005C, 3005D, 3010C, 3010A in the joined housing
3005, 3010 inexpensively creates cutouts 3005C, 3005D, 3010C, 3010A that combine to
form more accurately circular holes 3006, 3007 and holes 3006, 3007 that are more parallel
one to another.
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[00552] The measurement of pumped volume is based on the measured position of
the plunger 3091. In one embodiment as shown in Figs. 157, 151, the plunger 3091 position
is measured remotely without contacting the plunger 3091 L-shaped cam follower 3090. In
one embodiment, the plunger 3091 position is measured with alinear hall effect encoder 1C
3002A and a simple two-pole magnet 3096A (Fig. 158). The linear encoder 3002A (Fig.
158) is located on the main PCB 3002 and reports the position of the magnet 3096A |ocated
on the plunger 3091 L-shaped cam follower 3090 to the controller. The linear encoder 1C
3002A is advantageously mechanically disconnected from the moving components, so the
sensor will not wear, degrade or break with use. 1n one embodiment, the linear encoder 1C
3002A is part AS5410 manufactured by Austriamicrosystems of Austria.  The AS5410
allows the conversion of a wide range of geometries including curved movements, non-
linear scales, and tilted chip/magnet geometries into a linear output signal. The flexibility
of the linear encoder IC 3002A allows larger tolerances in the placement of the main PCB
3002 relative to the plunger magnet 3096A. Alternatively, the position of the plunger 3091
may be measured with a vision system that uses edges or datums located on the plunger
3091 L-shaped cam follower 3090. Alternatively, the plunger 3091 position may be
measured with any of several sensors well known in the art including alinear potentiometer,
arotary potentiometer, rotary encoder, linear encoder, or LVDT. Methods to mechanically
connect one of these sensors to the plunger L-shaped cam follower 3090 may be those
apparent to one skilled in the art.

[00553] The dlide occluder 3200 can be seen in Fig. 137. The dide occluder 3200
serves to pinch the infusion line 3210 closed, blocking flow, when the infusion line 3210 is
in the narrow part of the opening 3200D (Fig. 137). Fow is alowed through the infusion
line 3210 when it is located in the wide end of the opening 3200C at the front of the slide
occluder 3200. The open position on the slide occluder 3200 refersto the infusion line 3210
being located in the wide end of the opening 3200C. The closed position of the dlide
occluder 3200 refers to the infusion line 3210 being located in the narrow part of the
opening 3200D. The slide occluder 3200 includes at least one opening 3200A on the front
end of the slide occluder 3200. A tab 3200B islocated at the back end of the slide occluder
3200.

[00554] The process of closing the door and inserting the dlide carriage 3041 to
release the slide occluder 3200 is described with reference to Figs. 159 to 169. Fig. 159
illustrates the slide occluder 3200 fully inserted into the door split carriage 3040 and the
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infusion line 3210 clipped into the clips 3062A, 3024. The door assembly 3021 will close
by rotating about the hinges 3010A. The initial position of the body split carriage 3045 in
the pump body 3001 can be seen in Fig. 160. The slot 3045E in the body split carriage 3045
receives the slide occluder 3200 when the door assembly 3021 is closed against the pump
body 3001. The opening 3045B in the body split carriage 3045 accommodates the tab
3200B of the dlide occluder 3200 allowing the back end of the slide occluder 3200 to enter
the body split carriage 3045 and allowing the door assembly 3021 to close. The body split
carriage 3045 and/or upper housing 3010 prevent the door assembly 3021 from closing
when the slide occluder 3200 has been incorrectly oriented. The side of the body split
carriage 3045 opposite the opening 3045B does not provide an opening or sot that could
accommodate the tab 3200B on the dlide occluder 3200. In one embodiment, the upper
housing 3010 includes arail 3010E that blocks the tab 3200B.

[00555] Fig. 161 illustrates the two part split-carriage assembly 3041 in the open
position. Such a position may be reached when the door assembly 3021 is open. Fig. 162
illustrates the two part split-carriage assembly 3041 in the closed position. Such a position
may be reached when the door assembly 3021 is closed against the pump body 3001. The
axis of the hinge 3040B is approximately in line with the axis of the upper housing 3010
hinge 3010A when the door assembly 3021 is open. The door split carriage 3040 includes
at least one slot 3040D that allows it to accommodate at least one tab 3020D on the door
3020 and rail 3010E in the upper housing 3010. In an aternative embodiment shown in
Figs 138-139, the slot 3040D may accommodate or be guided on tabs 3020D, 3020F. The
body split carriage 3045 includes at least one slot 3045D to accommodate rail 3010A on the
upper housing 3010 and/or rail 3015E on the sensor housing 3015. The slots 3040D and
3045D allow the split carriage 3041 to slide within the pump body 3001 and door 3020
when the door 3020 is closed against the body 3001.

[00556] Fig. 163 illustrates the peristaltic pump 2990 having L-shaped cam followers
3090, 3100, 3110 with the door 3020 partially closed and some el ements removed to reveal
the slide occluder 3200 in the closed split-carriage 3041. The door assembly 3021 is closed
and the lever 3025 has not begun to engage the body pins 3011. The position of the split
carriage 3041 comprising parts 3045 and 3040 is controlled by the position of the lever
3025. The split carriage 3041 is pushed into the pump body 3001 by a rib 3025F as the
lever 3025 is closed or rotated toward the pump body 3001. The split carriage 3041 is
pulled partialy out of the pump body 3001 by the lever link 3035 as the lever 3025 is
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opened or rotated away from the pump body 3001. The door split carriage 3040 is
connected to the lever 3025 via the closed end of the lever link 3035C that fits over the
carriage pin 3040A and the open end 3035B holds a pin 3026 that slides in a dotted rib
3025A on the lever 3025. The split carriage’s 3041 travel is limited by the length of the
slide occluder 3200. The dlide occluder 3200 which may not provide sufficient rotation of
the lever 3025 to engage the body pins 3011 and compress the infusion line 3210 against the
inlet and/or outlet valves 3101, 3111 without inordinate manual force exerted against the
lever 3025.

[00557] The lever 3025, split carriage 3021 and door assembly 3021 are designed to
maintain the occlusion of the infusion line 3210 at al times during the door 3020 opening
and closing processes. The infusion line 3210 is occluded by pressing the door 3020
against the body, before the slide occluder 3200 is moved by the split carriage 3041 during
closing. In the opening process, the slide occluder 3200 is moved first to block the infusion
line 3210 before the door 3020 is disengaged from the body and allows the infusion line
3210 to become decompressed.

[00558] The dlotted rib 3025A and lever link 3035 alow the lever 3025 to rotate
several degrees and begin engaging the body pins 3011 with the latch hooks 3025C without
moving the split carriage 3041 when closing the lever 3025. Upon opening, the slotted rib
3025A and lever link 3035 allow the lever 3025 to retract the split carriage 3041 and block
the infusion line 3201 before disengaging the body pins 3011 and releasing the infusion line
3210 from the valves 3101, 3111. The lever link 3035 mechanically connects the lever
3025 to the door split carriage 3041 such that the lever 3025 only applies a tension force on
the lever link 3035. Limiting the force on the lever link 3035 to tension force removes the
need to ensure the lever link 3035 is buckle resistant, allowing the lever link 3035 to be
lighter and smaller.

[00559] The rotation of the lever 3025 toward the door 3020 and body 3001
compresses the infusion line 3210 between the platen 3022 and the valves 3101, 3111 and
plunger 3091, latches the door 3020 shut and moves the slide occluder 3200 to an open
position. The lever link 3035 and the slotted rib 3025A and the geometry of the latch hook
3025C assure that the infusion line 3210is compressed against the valves 3101, 3111 before
the slide occluder 3200 is moved to the open position when the lever 3025 is closed. The
lever link 3035 and the dotted rib 3025A and the geometry of the latch hook 3025C aso
assure that the slide occluder 3200 is moved into the closed position before the infusion line
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3210 is uncompressed against the valves 3101, 3111 when the lever 3025 is opened. This
sequence of blocking flow through the infusion line 3210 with one element before releasing
the second element assures that the infusion line 3210 is never in a free-flow state during
the loading of the infusion line 3210 in the peristaltic pump 2990.
[00560] Alternatively, the door split carriage 3040 may be pulled out of the pump
body 3001 by the lever 3025 that is connected to the door split carriage 3040 by two links
3036, 3037 as shown in Fig 164. The first link 3036 fits over the split carriage pin 3040A
and connects to the second link 3037 at hinge 3036A. The second link connects the first
link 3036 to the lever 3025 at pivot point 3025G. The two links 3036, 3037 each have aflat
3036B, 3037B that limits the relative rotation of the links 3036, 3037 so that they never
cross a center point and always fold toward each other in the same direction. In the pictured
embodiment, the links 3036, 3037 can only fold so that their mutual pivot point 3036A
moves away from the lever pivot 3025B as the lever 3025 closes. The two links 3036, 3037
allows the lever 3025 to rotate several degrees and begin engaging the body pins 3011 with
the latch hooks 3025C and occlude the infusion line 3210 against at least one of the valves
3101, 3111 without moving the split carriage 3041. Once the two links 3036, 3037 have
folded closed, the rib 3025F contacts the door split carriage 3040. The rib 3025F pushes the
split carriage 3041 into the pump body 3001 as the lever 3025 compl etes its rotation toward
the door assembly 3021.
[00561] Upon opening the lever 3025, or rotating the lever 3025 away from the door
assembly 3021, the two links 3036, 3037 unfold and only begin to retract the split carriage
3041 after an initial lever 3025 rotation. During the second part of the lever 3025 rotation,
the split carriage 3041 withdraws from the pump body 3001 and moves slide occluder 3200,
which blocks the infusion line 3210 before disengaging the body pins 3011 and releasing
the infusion line 3210 from the valves 3101, 3111. The infusion line 3210 is uncompressed
during the third portion of the lever 3025 rotation.
[00562] Alternatively, the two links 3036, 3037 could be replaced with a flexible
cable or wire, which pulls the split carriage 3041 out of the pump body 3001. The flexible
cable may be attached to the door split carriage 3040 and to a fixed point on the lever 3025.
The split carriage 3041 is pushed into the pump body 3001 by the rib 3025F as the lever
3025 rotates toward the pump body 3001.
[00563] Fig. 150 illustrates the peristaltic pump 2990 having L-shaped cam followers
3090, 3100, 3110.The door 3020 is closed and the lever 3025 latched as shown in Fig. 165.
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The split carriage 3041 has been partially slid through the door 3020 and into the body
3001. The movement of the split carriage 3041 moves the dlide occluder 3200 into the
pump body 3001, while the infusion line 3210 is held in position. The movement of the
slide occluder 3200 relative to the infusion line 3210 moves the infusion line 3210 into the
wide end 3200C of the slide occluder 3200 allowing flow through the infusion line 3210.
[00564] Figs. 166-169 illustrate four steps of closing the door 3020 of the peristaltic
pump 2990 having L-shaped cam followers 3090, 3100, 3110. In Fig. 166, the door
assembly 3021 is open and the infusion line 3210 and slide occluder 3200 are installed. In
Fig. 167, the door assembly 3021 is closed, the lever 3025 is open and the split carriage
3041 isfully retracted, so the infusion line 3210 is blocked by the slide occluder 3200. In
Fig. 168, the lever 3025 is partialy rotated toward the body 3001 to a point where the split
carriage 3041 has not moved and the dlide occluder 3200 blocks the infusion line, but the
latch hooks 3025C have engaged the body pins 3011 and compressed the infusion line 3210
between the door assembly 3021 and at least one of the valves 3101, 3111. In Fig. 169, the
lever 3025 is fully rotated toward the pump body 3001 or closed. In Fig. 169, the dlide
carriage 3041 is fully inserted into the pump body 3001, so that the infusion line 3210 is
unblocked by the slide occluder 3200 and the door 3021 is fully preloaded against the pump
body 3001 including at least one of the valves 3101, 3111.
[00565] Figs. 170-174 illustrate the elements of the door assembly 3021 and pump
body 3001 and lever 3025 that together latch the door 3020 closed, and position the door
assembly 3021 parallel to the face of the upper-housing 3010 and compress the infusion line
3210 between the platen 3022 and at least one of the valves 3101, 3111 and plunger 3091.
The door assembly 3021 is positioned and pressed against the upper housing 3010 without
placing a load on the hinge pin 3012 or requiring close tolerance on hinge pin 3012 and
pivot holes 3020J, 3010F.
[00566] As described above and pictured in Figs. 159, 163 the two latch hooks 3025C
engage the body pins 3011, which are mounted in the upper housing 3010 tabs 3010B, when
the door assembly 3021 has been rotated to contact the upper housing 3012 and the lever
3025 is rotated toward the door 3020. The latch hooks 3025C have tapered openings to
assure engagement for a broader range of initial positions between the door assembly 3021
(Fig. 133) and the upper housing 3010 (Fig. 134). The opening in the latch hook 3025C is
shaped to pull the latch pin 3034 (Fig. 175) closer to the body pin 3011 as the lever 3025
(Fig. 133) is rotated. The latch pin 3034 (Fig. 175) is free to move within the door 3020
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along dots 3020C as the latch pin 3034 moves toward the body pin 3011 (Fig. 170). The
slot structure 3020C on the top of the door 3020 in Fig. 170 is repeated toward the bottom
of the door 3020 in Fig. 171, where the second latch 3025C engages the latch pin 3034.
[00567] In Fig. 174, the movement of the latch pin 3034 toward the upper housing
3010 deflects the door spring 3032 that is supported by the door 3020 at each end of the
door spring 3032A. The deflection of the door spring 3032 generates a force that is applied
to the door 3020 and directed toward the upper housing 3010 and the pump body 3001. The
pump body 3010 includes protrusions or standoffs 3025H that contact the face of the upper
housing 3010 in three or more places distributed around the valves 3101, 3111 and plunger
3091 (Fig. 136). In one embodiment, the standoffs 3025H are also positioned within and
equal distance to the contact area between the door spring 3032 and the door 3020 so that
the spring force is equally distributed to each standoff 3025H. In one embodiment as shown
in Fig. 172, four standoffs 3020H are located around the platen 3022, near where the valves
3101, 3111 (Fig. 136) contact the infusion line 3210. The pivot holes 3020 in the door 3020
are dightly oversized for the hinge pin 3012 (Fig. 171), which allows the door 3020 to rest
on the standoffs 3025H without being constrained by the hinge pin 3012.

[00568] Fig. 173 shows the cross-section through the latch pin and includes the
latches 3025C fully engaging body pins 3011. In one embodiment, the body pins 3011
include a plain bearing 3011A to reduce wear and friction. The plain bearing 3011A istube
of hard material that can rotate on the body pin 3011 to reduce wear on the latch hooks
3025C. The latch pin 3034 passes through the lever pivot holes 3025B and is free to move
in the slots 3020C and deflect the door spring 3032. In Fig. 173, the plunger 3091 isin a
position to compress the infusion line 3210 against the platen 3022. The force of the
deflected door spring 3032 supplies the force to compress the infusion line 3210 from the
platen 3022 side, while the plunger elastic element 3094 (Fig. 143) supplies the force on the
plunger 3091 side.

[00569] Fig. 174 shows the cross section across the middle of the door spring 3032
and perpendicular to the latch pin 3034. The deflection of the door spring 3032 is evident
between the latch pin 3034 and an edge 3020F at each end of the door spring 3032 and of
the spring cutout 3020G. FIG. 172 presents an embodiment where the standoffs 3020H are
located between and equal distant to the locations where the door spring 3032 contacts the
door 3020.
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[00570] In one embodiment shown in Fig. 175-176, one of the latch hooks 3025C
may comprise detents 3025G, 3025J and a spring pin 3027 or ball to engage the detents
3025G, 3025J. Figs. 175 illustrates the lever 3025 fully closed against the door 3020. The
latch hook 3025C includes a first detent 3025G that is engaged by a spring pin 3027. The
spring pin 3027 is mounted in the door 3020 at such a position that it engages the first
detent 3025G when lever 3025 is closed.

[00571] Fig. 176 illustrates the lever 3025 fully opened relative to door 3020 and the
door split carriage 3040 retracted. The spring pin 3027 engages a second detent 3025J when
the door 3020 isin the fully open position. In some embodiments, the detents 3025G, 3025J
in the latch hooks 3025C may allow the lever 3025 to hold one or more positions relative to
the door 3020.

[00572] Fig. 177 illustrates a detection lever 3150 displaced by the slide occluder
3200, when the door assembly 3021 and the lever 3025 (Fig. 141) are fully are closed. The
detection lever 3150 rotates on a pin 3151 that is attached to the upper housing 3010 and
swings through a slot 3045F (Fig. 161) in the body split carriage 3045. If a slide occluder
3200 is present in the split carriage 3041 when the door 3020 is closed, the slide occluder
3200 will deflect the detection lever 3150 upward toward the main PCB 3002. A sensor
3152 on the main PCB 3002 will detect the nearness of a magnet 3150A on the detection
lever 3150. The detection lever 3150, magnet 3150A and sensor 3152 may be designed to
only detect a specific slide occluder 3200 geometry. Other slide occluders 3200 or slide
occluder 3200 shapes may not deflect the detection lever 3150 enough for the sensor 3152
to detect the magnet 3150A or cause the detection lever 3150 to contact the main PCB 3002
and prevent the full insertion of the split carriage 3041 and closing of the lever 3025. A
controller may only alow peristaltic pump 2990 operation when the sensor 3152 detects the
displaced detection lever 3150 indicating that the appropriate slide occluder 3200 is present.
[00573] Fig. 178 illustrates a latch hook detection slide 3160 displaced by the latch
hook 3025C, when the door assembly 3021 and the lever 3025 are fully closed. The latch
hook detection slide 3160 includes one or more slots 3160A that guide it past screws or
posts on mounted in the upper housing 3010. A spring 3164 returns latch hook detection
slide 3160 to a non-displaced position, when the latch hook 3025C is engaging the body pin
3011. The latch hook detection slide 3160 includes at |east one magnet that is located so that
a sensor 3163 mounted on the main PCB 3001 will detect it presence only when the
detection dlide 3160 is fully displaced. In one embodiment, the latch hook detection dide
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3160 may include a second magnet 3162 that is detected by the sensor 3163 only when the
latch hook detection dlide 3160 is fully retracted. A controller may only alow peristaltic
pump 2990 operation when the sensor 3163 detects the displaced latch hook detection slide
3160 indicating that the lever 3025 isfully closed.
[00574] FIGS. 179-186 show various views related to a system 3200. FIG. 179
shows a system 3200 that includes several pumps 3201, 3202, and 3203. The pumps 3201,
3202, 3203 can be coupled together to form a group of pumps that are connectable to a pole
3208. The system 3200 includes two syringe pumps 3201, 3202 and a peristatic pump
3203; however, other combinations of various medical devices may be employed.
[00575] Each of the pumps 3201, 3202, 3203 includes a touch screen 3204 which
may be used to control the pumps 3201, 3202, 3203. One of the pumps’ (e.g., 3201, 3202,
3203) touch screens 3204 may also be used to coordinate operation of al of the pumps
3201, 3202, 3203 and/or to control the one or more of the other pumps 3201, 3202, 3203.
[00576] The pumps 3201, 3202, and 3203 are daisy chained together such that they
are in electrica communication with each other. Additionally or aternatively, the pumps
3201, 3202, and/or 3203 may share power with each other or among each other. For
example, one of the pumps 3201, 3202, and/or 3203 may include an AC/DC converter that
converts AC eectrical power to DC power suitable to power the other pumps 3201, 3202,
3203.
[00577] Within the system 3200, the pumps 3201, 3202, and 3203 are stacked
together using respective Z-frames 3207. Each of the Z-frames 3207 includes a lower
portion 3206 and an upper portion 3205. A lower portion 3206 of one Z-frame 3207 (e.g.,
the lower portion 3206 of the pump 3201) can engage an upper portion 3205 of another Z-
frame 3207 (e.g., the upper portion 3205 of the Z-frame 3207 of the pump 3202).
[00578] A clamp 3209 may be coupled to one of the pumps 3201, 3202, 3203 (e.g.,
the pump 3202 as shown in FIG. 180). That is, the clamp 3209 may be coupled to any one
of the pumps 3201, 3202, and/or 3203. The clamp 3209 is attachable to the back of any one
of the pumps 3201, 3202, and/or 3203. Asiseasily seenin FIG. 182, each of the pumps
3201, 3202, 3203 includes an upper attachment member 3210 and a lower attachment
member 3211. A clamp adapter 3212 facilitates the attachment of the clamp 3209 to the
pump 3202 via a respective pump’s (e.g., 3201, 3202, or 3203) upper attachment member
3210 and lower attachment member 3211. In some embodiments, the clamp adapter 3212
may be integral with the clamp 3209.
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[00579] FIG. 183 shows a close-up view of a portion of an interface of aclamp (i.e.,
the clamp adapter 3212) that is attachable to the pump 3202 (or to pumps 3201 or 3203)
shown in FIGS. 180-182 in accordance with an embodiment of the present disclosure. The
clamp adapter 3212 includes a hole 3213 in which a lower attachment member 3211 (see
FIG. 182) may be attached. That is, the lower attachment member 3211, a curved hook-like
protrusion, may be inserted into the hole 3213 and thereafter rotated to secure the lower
attachment member 3211 therein.

[00580] Asis easily seen in FIG. 184, the clamp adapter 3212 aso includes a latch
3214. The latch 3214 is pivotally mounted to the clamp adapter 3212 via pivots 3216. The
latch 3214 may be spring biased via springs 3218 that are coupled to the hooks 3220. The
stop members 3219 prevent the latch 3214 from pivoting beyond a predetermined amount.
After the hole 3213 is positioned on the lower attachment member 3211, the clamp adapter
3212 may be rotated to bring the latch 3214 towards the upper attachment member 3210
such that the latch 3214 is compressed down by the upper attachment member 3210 until
the protrusion 3215 snaps into a complementary space of the upper attachment member
3210. The hooks 3220 help secure the clamp adapter 3212 to the pump 3202.

[00581] Each of the Z-frames 3207 for each of the pumps 3201, 3202, 3203 includes
a recessed portion 3223 on its upper portion 3205 (see FIG. 182) and each pump 3201,
3202, 3203 includes a protrusion 3224 (see FIG. 185). A protrusion 3224 of one pumps
(e.g., pumps 3201, 3202, or 3203) may engage a recessed portion 3223 of another Z-frame
to enable the pumps 3201, 3202, 3203 to be stacked on top of each other. Each of the
pumps 3201, 3202, 3203 includes a latch engagement member 3221 that allows another one
of the pumps 3201, 3202, 3203 to be attached thereto via a latch 3222 (see FIG. 185). The
latch 3222 may include a small spring loaded flange that can “snap” into the space formed
under the latch engagement member 3221. The latch 3222 may be pivotally coupled to the
lower portion 3206 of the Z-frame 3207.

[00582] Asis seen FIG. 180, the latch 3222 of the Z-frame of pump 3201 may be
pulled to withdraw a portion of the latch 3222 out of the space under the latch engagement
member 3221 of the pump 3202. Thereafter, the pump 3201 may be rotated to pull the
protrusion 3224 of the pump 3201 out of the recessed portion 3223 of the Z-frame of pump
3202 such that the pump 3201 may be removed from the stack of pumps 3202, 3203 (see
FIG. 181).
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[00583] Each of the pumps 3201, 3202, 3203 includes a top connector 3225 (see
FIG. 186) and a bottom connector 3226 (see FIG. 185). The connectors 3225 and 3226
alow the stacked pumps 3201, 3202, and 3203 to communication between each other
and/or to provide power to each other. For example, if the battery of the middle pump 3202
(see FIG. 179) fails, then the top pump 3201 and/or the bottom pump 3203 may provide
power to the middle pump 3202 as a reserve while one or more of the pumps 3201, 3202,
3203 is audibly alarming.
[00584] An example embodiment of the graphic user interface (hereafter GUI) 3300
isshown in FIG. 187. The GUI 3300 enables a user to modify the way that an agent may be
infused by customizing various programming options. For purposes of example, the GUI
3300 detailed as follows uses a screen 3204 which is a touch screen as a means of
interaction with a user. In other embodiments, the means of interaction with a user may be
different. For instance, alternate embodiments may comprise user depressible buttons or
rotatable dials, audible commands, etc. In other embodiments, the screen 3204 may be any
electronic visua display such as a, liquid crystal display, L.E.D. display, plasma display,
efc.
[00585] As detailed in the preceding paragraph, the GUI 3300 is displayed on the
screen of the pumps 3203. All of the pumps 3201, 3202, 3203 may have their own
individual screen 3204 as shown in FIGS. 179-181. In arrangements where one of the
pumps 3201, 3202, 3203 is being used to control all of the pumps 3201, 3202, 3203, only
the master pump may require a screen 3204. As shown, the pump is seated in a Z-frame
3207. As shown, the GUI 3300 may display a number of interface fields 3250. The interface
fields 3250 may display various information about the pump or infusion status, the
medication, etc. In some embodiments, the interface fields 3250 on the GUI 3300 may be
touched, tapped, etc. to navigate to different menus, expand an interface field 3250, input
data, and the like. The interface fields 3250 displayed on the GUI 3300 may change from
menu to menu.
[00586] The GUI 3300 may also have a number of virtual buttons. In the non-limiting
example embodiment in FI G. 187 the display has avirtua power button 3260, avirtua start
button 3262, and a virtual stop button 3264. The virtual power button 3260 may turn the
pump 3201, 3202, 3203 on or off. The virtua start button 3262 may start an infusion. The
virtual stop button 3264 may pause or stop an infusion. The virtual buttons may be activated
by a user’s touch, tap, double tap, or the like. Different menus of the GUI 3300 may
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comprise other virtual buttons. The virtual buttons may be skeuomorphic to make their
functions more immediately understandable or recognizable. For example, the virtual stop
button 3264 may resemble a stop sign as shown in FIG. 181. In alternate embodiments, the
names, shapes, functions, number, etc. of the virtual buttons may differ.
[00587] As shown in the example embodiment in FIG. 188, the interface fields
3250 of the GUI 3300 (see FIG. 187) may display a number of different programming
parameter input fields. For the GUI 3300 to display the parameter input fields, a user may
be required to navigate through one or a number of menus. Additionaly, it may be
necessary for the user to enter a password before the user may manipulate any of the
parameter input fields.
[00588] In FIG. 188, a medication parameter input field 3302, in container drug
amount parameter input field 3304, total volume in container parameter input field 3306,
concentration parameter input field 3308, dose parameter input field 3310, volume flow rate
(hereafter abbreviated as rate) parameter input field 3312, volume to be infused (hereafter
VTBI) parameter input field 3314, and time parameter input field 3316 are displayed. The
parameters, number of parameters, names of the parameters, etc. may differ in alternate
embodiments. In the example embodiment, the parameter input fields are graphicaly
displayed boxes which are substantially rectangular with rounded corners. In other
embodiments, the shape and size of the parameter input fields may differ.
[00589] In the example embodiment, the GUI 3300 is designed to be intuitive and
flexible. A user may choose to populate a combination of parameter input fields which are
simplest or most convenient for the user. In some embodiments, the parameter input fields
left vacant by the user may be calculated automatically and displayed by the GUI 3300 as
long as the vacant fields do not operate independent of populated parameter input fields and
enough information can be gleaned from the popul ated fields to calculate the vacant field or
fields. Throughout FIGS. 188-192 fields dependent upon on another are tied together by
curved double-tipped arrows.
[00590] The medication parameter input field 3302 may be the parameter input field
in which auser sets the type of infusate agent to be infused. In the example embodiment, the
medication parameter input field 3302 has been populated and the infusate agent has been
defined as “0.9% NORMAL SALINE”. As shown, after the specific infusate has been set,
the GUI 3300 may populate the medication parameter input field 3302 by displaying the
name of the specific infusate in the medication parameter input field 3302.
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[00591] To set the specific infusate agent to be infused, a user may touch the
medication parameter input field 3302 on the GUI 3300. In some embodiments, this may
cull up alist of different possible infusates. The user may browse through the list until the
desired infusate is located. In other embodiments, touching the in medication parameter
input field 3302 may cull up avirtual keyboard. The user may then type the correct infusate
on the virtual keyboard. In some embodiments, the user may only need to type only a few
letters of the infusate on the virtual keyboard before the GUI 3300 displays a number of
suggestions. For example, after typing “NORE” the GUI 3300 may suggest
“NOREPINEPHRINE”. After locating the correct infusate, the user may be required to
perform an action such as, but not limited to, tapping, double tapping, or touching and
dragging the infusate. After the required action has been completed by the user, the infusate
may be displayed by the GUI 3300 in the medication parameter input field 3302. For
another detailed description of another example means of infusate selection see FIG. 198.
[00592] In the example embodiment in FIG. 188, the parameter input fields have
been arranged by a user to perform a volume based infusion (for instance mL, mL/hr, etc.).
Consequentially, the in container drug amount parameter input field 3304 and total volume
in container parameter input field 3306 have been left unpopulated. The concentration
parameter input field 3308 and dose parameter input field 3310 have also been left
unpopulated. In some embodiments, the in container drug amount parameter input field
3304, total volume in container parameter input field 3306, concentration parameter input
field 3308, and dose parameter input field 3310 may be locked, grayed out, or not displayed
on the GUI 3300 when such an infusion has been selected. The in container drug amount
parameter input field 3304, total volume in container parameter input field 3306,
concentration parameter input field 3308, and dose parameter input field 3310 will be
further elaborated upon in subsequent paragraphs.

[00593] When the GUI 3300 is being used to program a volume base infusion, the
rate parameter input field 3312, VTBI parameter input field 3314, and time parameter input
field 3316 do not operate independent of one another. A user may only be required to define
any two of the rate parameter input field 3312, VTBI parameter input field 3314, and time
parameter input field 3316. The two parameters defined by a user may be the most
convenient parameters for a user to set. The parameter left vacant by the user may be
calculated automatically and displayed by the GUI 3300. For instance, if a user populates
the rate parameter input field 3312 with avalue of 125 mL/hr (as shown), and populates the
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VTBI parameter input field 3314 with a value of 1000mL (as shown) the time parameter
input field 3316 value may be calculated by dividing the value in the VTBI parameter input
field 3314 by the value in the rate parameter input field 3312. In the example embodiment
shown in FIG. 188, the quotient of the above calculation, 8hrs and O min, is correctly
populated by the GUI 3300 into the time parameter input field 3316.

[00594] For a user to populate the rate parameter input field 3312, VTBI parameter
input field 3314, and time parameter input field 3316 the user may touch or tap the desired
parameter input field on the GUI 3300. In some embodiments, this may cull up a number
pad with a range or number, such as 0-9 displayed as individual selectable virtua buttons. A
user may be required to input the parameter by individualy tapping, double tapping,
touching and dragging, etc. the desired numbers. Once the desired value has been input by a
user, a user may be required to tap, double tap, etc. avirtua “confirm”, “enter”, etc. button
to populate the field. For another detailed description of another example way of defining
numerical values see FIG. 198.

[00595] FIG. 189 shows a scenario in which the infusion parameters being
programmed are not those of a volume based infusion. In FIG. 189, the infusion profile is
that of a continuous volume/time dose rate. In the example embodiment shown in FI G. 189,
al of the parameter input fields have been populated. As shown, the medication parameter
input field 3302 on the GUI 3300 has been populated with “HEPARIN” as the defined
infusate. As shown, the in container drug amount parameter input field 3304, total volume
in container input field 3306, and concentration parameter input field 3308 are populated in
FIG. 189. Additionaly, since a volume/time infusion is being programmed the dose
parameter input field 3310 shown in FI G. 188 has been replaced with a dose rate parameter
input field 3318.

[00596] The in container drug amount parameter input field 3304 is a two part field
in the example embodiment shown in FIG. 189. In the example embodiment in FIG. 189
the left field of the in container drug amount parameter input field 3304 is afield which may
be populated with a numeric value. The numeric value may defined by the user in the same
manner as a user may define values in the rate parameter input field 3312, VTBI parameter
input field 3314, and time parameter input field 3316. In the example embodiment shown in
FIG. 189, the numeric value displayed by the GUI 3300 in the in left field of the in
container drug amount parameter input field 3304 is*25,000".
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[00597] The parameter defined by the right field of the in container drug amount
parameter input field 3304 is the unit of measure. To define the right of the in container
drug amount parameter input field 3304, a user may touch the in container drug amount
parameter input field 3304 on the GUI 3300. In some embodiments, this may cull up alist
of acceptable possible units of measure. In such embodiments, the desired unit of measure
may be defined by a user in the same manner as a user may define the correct infusate. In
other embodiments, touching the in container drug amount parameter input field 3304 may
cull up avirtual keyboard. The user may then type the correct unit of measure on the virtual
keyboard. In some embodiments the user may be required to tap, double tap, etc. a virtua
“confirm”, “enter”, etc. button to populate the left field of the in container drug amount
parameter input field 3304.

[00598] In some embodiments, including the embodiment shown in FIG. 189, the
right field of the in container drug amount parameter input field 3304 may have one or more
acceptable values with may be dependent on the parameter input into one or more other
parameter input fields. In the example embodiment, the meaning of the unit of measure
“UNITS’ may differ depending on the infusate set in the medication parameter input field.
The GUI 3300 may also automatically convert the value and unit of measure in respectively
the left field and right field of the in container drug amount parameter input field 3304 to a
metric equivalent if a user inputs a non-metric unit of measure in the right field of the in
container drug amount parameter input field 3304.

[00599] The total volume in container parameter input field 3306 may be populated
by a numeric value which defines the total volume of a container. In some embodiments, the
GUI 3300 may automatically populate the total volume in container parameter input field
3306 based on data generated by one or more sensors. In other embodiments, the total
volume in container parameter input field 3306 may be manually input by a user. The
numeric value may defined by the user in the same manner as a user may define values in
the rate parameter input field 3312, VTBI parameter input field 3314, and time parameter
input field 3316. In the example embodiment shown in FIG. 189 the total volume in
container parameter input field 3306 has been populated with the value “250” mL. The tota
volume in container parameter input field 3306 may be restricted to a unit of measure such
asmL as shown.

[00600] The concentration parameter input field 3308 is atwo part field similar to the
in container drug amount parameter input field 3304. In the example embodiment in FIG.
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189 the left field of the concentration parameter input field 3308 is a field which may be
populated with a numeric value. The numeric value may defined by the user in the same
manner as a user may define values in the rate parameter input field 3312, VTBI parameter
input field 3314, and time parameter input field 3316. In the example embodiment shown in
FIG. 189, the numeric vaue displayed by the GUI 3300 in the in left field of the
concentration parameter input field 3308 is“100”.

[00601] The parameter defined by the right field of the concentration parameter
input field 3308 is a unit of measure/volume. To define the right field of the concentration
parameter input field 3308, a user may touch the concentration parameter input field 3308
on the GUI 3300. In some embodiments, this may cull up alist of acceptable possible units
of measure. In such embodiments, the desired unit of measure may be defined by a user in
the same manner as a user may define the correct infusate. In other embodiments, touching
the concentration parameter input field 3308 may cull up a virtual keyboard. The user may
then type the correct unit of measure on the virtual keyboard. In some embodiments the user
may be required to tap, double tap, etc. a virtua “confirm”, “enter”, etc. button to store the
selection and move on to a list of acceptable volume measurements. The desired volume
measurement may be defined by a user in the same manner as a user may define the correct
infusate. In the example embodiment shown in FIG. 189 the right field of the concentration
parameter input field 3308 is populated with the unit of measure/volume “UNITS/mL".
[00602] The in container drug amount parameter input field 3304, total volume in
container input field 3306, and concentration parameter input field 3308 are not
independent of one another. As such, a user may only be required to define any two of the
in container drug amount parameter input field 3304, total volume in container input field
3306, and concentration parameter input field 3308. For instance, if a user were to populate
the concentration parameter input field 3308 and the total volume in container parameter
input field 3306, the in container drug amount parameter input field may be automatically
calculated and populated on the GUI 3300.

[00603] Since the GUI 3300 in FIG. 189 is being programmed for a continuous
volume/time dose, the dose rate parameter input field 3318 has been populated. The user
may define the rate at which the infusate is infused by populating the dose rate parameter
input field 3318. In the example embodiment in FIG. 189, the dose rate parameter input
field 3318 is atwo part field similar to the in container drug amount parameter input field
3304 and concentration parameter input field 3308 described above. A numeric value may
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defined in the left field of the dose rate parameter input field 3318 by the user in the same
manner as a user may define values in the rate parameter input field 3312. In the example
embodiment in FIG. 189, the left field of the dose rate parameter input field 3318 has been
popul ated with the value “1000".

[00604] The right field of the dose rate parameter input field 3318 may define a unit
of measure/time. To define the right field of the dose rate parameter input field 3318, a user
may touch the dose rate parameter input field 3318 on the GUI 3300. In some embodiments,
this may cull up alist of acceptable possible units of measure. In such embodiments, the
desired unit of measure may be defined by a user in the same manner as a user may define
the correct infusate. In other embodiments, touching the dose rate parameter input field
3304 may cull up avirtual keyboard. The user may then type the correct unit of measure on
the virtual keyboard. In some embodiments the user may be required to tap, double tap, etc.
a virtua “confirm”, “enter”, etc. button to store the selection and move on to a list of
acceptable time measurements. The desired time measurement may be defined by a user in
the same manner as a user may define the correct infusate. In the example embodiment
shown in FIG. 189 the right field of the dose rate parameter input field 3318 is populated
with the unit of measure/time “UNITS/hr”.

[00605] In the example embodiment, the dose rate parameter input field 3318 and
the rate parameter input field 3312 are not independent of one another. After a user
popul ates the dose rate parameter input field 3318 or the rate parameter input field 3312, the
parameter input field left vacant by the user may be calculated automatically and displayed
by the GUI 3300 as long as the concentration parameter input field 3308 has been defined.
In the example embodiment shown in FIG. 189, the rate parameter input field 3312 has
been populated with an infusate flow rate of “10 mL/hr”. The dose rate parameter input
field 3318 has been populated with “1000” “UNITS/hr”.

[00606] In the example embodiment shown in FIG. 189 the VTBI parameter input
field 3314 and time parameter input field 3316 have aso been populated. The VTBI
parameter input field 3314 and time parameter input field 3316 may be populated by a user
in the same manner described in relation to FIG. 182. When the GUI 3300 is being
programmed to a continuous volume/time dose rate infusion, the VTBI parameter input
field 3314 and the time parameter input field 3316 are dependent on one another. A user
may only need to populate one of the VTBI parameter input field 3314 or the time
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parameter input field 3316. The field |eft vacant by the user may be cal culated automatically
and displayed on the GUI 3300.
[00607] FIG. 190 shows a scenario in which the infusion parameters being
programmed are those of a drug amount based infusion herein referred to as an intermittent
infusion. In the example embodiment shown in FIG. 190, al of the parameter input fields
have been populated. As shown, the medication parameter input field 3302 on the GUI 3300
has been populated with the antiboitic “VANCOMY CIN” as the defined infusate.
[00608] As shown, the in container drug amount parameter input field 3304, total
volume in container input field 3306, and concentration parameter input field 3308 are laid
out the same asin FIG. 190. In the example embodiment in FIG. 190, the left field of thein
container drug amount parameter input field 3304 has been populated with “1”. The right
field of the in container drug amount parameter input field 3304 has been populated with
“g". Thus the total amount of Vancomycin in the container has been defined as one gram.
The total volume in container parameter input field 3306 has been populated with “250” ml.
The left field of the concentration parameter input field 3308 has been populated with “4.0”.
Theright field of the concentration parameter input field has been populated with “mg/mL”.
[00609] As mentioned in relation to other possible types of infusions which a user
may be capable of programming through the GUI 3300, the in container drug amount
parameter input field 3304, total volume in container input field 3306, and concentration
parameter input field 3308 are dependent upon each other. As above, thisis indicated by the
curved double arrows connecting the parameter input field names. By populating any two of
these parameters, the third parameter may be automatically calculated and displayed on the
correct parameter input field on the GUI 3300.
[00610] In the example embodiment in FI1G. 190, the dose parameter input field 3310
has been populated. As shown, the dose parameter input field 3310 comprises a right and
left field. A numeric value may defined in the right field of the dose parameter input field
3310 by the user in the same manner as a user may define values for other parameter input
fields which define numeric values. In the example embodiment in FIG. 190, the left field
of the dose parameter input field 3310 has been populated with the value “1000".
[00611] The right field of the dose parameter input field 3310 may define a unit of
mass measurement. To define the right field of the dose parameter input field 3310, a user
may touch the dose parameter input field 3310 on the GUI 3300. In some embodiments, this
may cull up alist of acceptable possible units of measure. In such embodiments, the desired
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unit of measure may be defined by a user in the same manner as a user may define the
correct infusate. In other embodiments, touching the dose parameter input field 3310 may
cull up avirtual keyboard. The user may then type the correct unit of measure on the virtual
keyboard. In some embodiments the user may be required to tap, double tap, dide, etc. a
virtual “confirm”, “enter”, etc. button to store the selection and move on to a list of
acceptable mass measurements. The desired mass measurement may be defined by a user in
the same manner as a user may define the correct infusate. In the example embodiment
shown in FIG. 190 the right field of the dose parameter input field 3310 is populated with
the unit of measurement “mg”.
[00612] As shown, the rate parameter input field 3312, VTBI parameter input field
3314, and the time parameter input field 3316 have been populated. As shown, the rate
parameter input field 3312 has been populated with “125” mL/hr. The VTBI parameter
input field 3314 has been defined as “250” mL. The time parameter input field 3316 has
been defined as“2” hrs*“00” min.
[00613] The user may not need to individually define each of the dose parameter
input field 3310, rate parameter input field 3312, VTBI parameter input field 3314, and the
time parameter input field 3316. As indicated by the curved double arrows, the dose
parameter input field 3310 and the VTBI parameter input field 3314 are dependent upon
each other. Input of one value may allow the other value to be automatically calculated and
displayed by the GUI 3300. The rate parameter input field 3312 and the time parameter
input field 3316 are also dependent upon each other. The user may need to only define one
value and then allow the non-defined value to be automatically calculated and displayed on
the GUI 3300. In some embodiments, the rate parameter input field 3312, VTBI parameter
input field 3314, and the time parameter input field 3316 may be locked on the GUI 3300
until the in container drug amount parameter input field 3304, total volume in container
parameter input field 3306 and concentration parameter input field 3308 have been defined.
These fields may be locked because automatic calculation of the rate parameter input field
3312, VTBI parameter input field 3314, and the time parameter input field 3316 is
dependent upon values in the in container drug amount parameter input field 3304, total
volume in container parameter input field 3306 and concentration parameter input field
3308.
[00614] In scenarios where an infusate may require a body weight based dosage, a
weight parameter input field 3320 may also be displayed on the GUI 3300. The example
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GUI 3300 shown on FIG. 191 has been arranged such that a user may program a body
weight based dosage. The parameter input fields may be defined by a user as detailed in the
above discussion. In the example embodiment, the infusate in the medication parameter
input field 3302 has been defined as “DOPAMINE”. The left field of the in container drug
amount parameter input field 3304 has been defined as “400”. The right field of the in
container drug amount parameter input field 3304 has been defined as “mg”. The total
volume in container parameter input field 3306 has been defined as “ 250" ml. The left field
of the concentration parameter input field 3308 has been defined as “1.6”. Theright field of
the concentration parameter input field 3308 has been defined as “mg/mL”. The weight
parameter input field 3320 has been defined as “90” kg. The left field of the dose rater
parameter input field 3318 has been defined as “5.0". The right field of the dose rate
parameter input field 3318 has been defined as “mcg/kg/min”. The rate parameter input
field 3312 has been defined as “16.9” mL/hr. The VTBI parameter input field 3314 has been
defined as “ 250" mL. The time parameter input field 3316 has been defined as 14" hrs “48”
min.

[00615] To define the weight parameter input field 3320, a user may touch or tap the
weight parameter input field 3320 on the GUI 3300. In some embodiments, this may cull up
anumber pad with arange of numbers, such as 0-9 displayed as individual selectable virtual
buttons. A user may be required to input the parameter by individually tapping, double
tapping, touching and dragging, etc. the desired numbers. Once the desired value has been
input by a user, a user may be required to tap, double tap, etc. a virtua “confirm”, “enter”,
etc. button to populate the field.

[00616] As indicated by the curved double arrows, some parameter input fields
displayed on the GUI 3300 may be dependent upon each other. As in previous examples,
the in container drug amount parameter input field 3304, total volume in container
parameter input field 3306, and concentration parameter input field 3308 may be dependent
upon each other. In FIG. 191, the weight parameter input field 3320, dose rater parameter
input field 3318, rate parameter input field 3312, VTBI parameter input field 3314, and the
time parameter input field 3316 are al dependent upon each other. When enough
information has been defined by the user in these parameter input fields, the parameter input
fields not populated by the user may be automatically calculated and displayed on the GUI
3300.
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[00617] In some embodiments, a user may be required to define a specific parameter
input field even if enough information has been defined to automatically calculate the field.
This may improve safety of use by presenting more opportunities for user input errors to be
caught. If a value entered by a user is not compatible with already defined values, the GUI
3300 may display an alert or alarm message soliciting the user to double check values that
the user has entered.
[00618] In some scenarios the delivery of infusate may be informed by the body
surface area (BSA) of a patient. In FIG. 192, the GUI 3300 has been set up for a body
surface area based infusion. As shown, a BSA parameter input field 3322 may be displayed
on the GUI 3300. The parameter input fields may be defined by a user as detailed in the
above discussion. In the example embodiment, the infusate in the medication parameter
input field 3302 has been defined as “FLUOROURACIL”. The left field of the in container
drug amount parameter input field 3304 has been defined as“1700”. Theright field of thein
container drug amount parameter input field 3304 has been defined as “mg”. The total
volume in container parameter input field 3306 has been defined as “500” ml. The left field
of the concentration parameter input field 3308 has been defined as “3.4”. Theright field of
the concentration parameter input field 3308 has been defined as “mg/mL”. The BSA
parameter input field 3320 has been defined as “1.7” m?. The left field of the dose rate
parameter input field 3318 has been defined as “1000". The right field of the dose rate
parameter input field 3318 has been defined as “mg/m2/day”. The rate parameter input field
3312 has been defined as “20.8” mL/hr. The VTBI parameter input field 3314 has been
defined as “500” mL. The time parameter input field 3316 has been defined as “24” hrs “00”
min. The dependent parameter input fields are the same as in FIG. 185 with the exception
that the BSA parameter input field 3322 has taken the place of the weight parameter input
field 3320.
[00619] To populate the BSA parameter input field 3322, the user may touch or tap
the BSA parameter input field 3322 on the GUI 3300. In some embodiments, this may cull
up a number pad with a range of numbers, such as 0-9 displayed as individua selectable
virtual buttons. In some embodiments, the number pad and any of the number pads detailed
above may also feature symbols such as a decimal point. A user may be required to input
the parameter by individually tapping, double tapping, touching and dragging, etc. the
desired numbers. Once the desired value has been input by a user, a user may be required to
tap, double tap, etc. avirtua “confirm”, “enter”, etc. button to popul ate the field.
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[00620] In some embodiments, a patient’s BSA may be automatically calculated and
displayed on the GUI 3300. In such embodiments, the GUI 3300 may query the user for
information about the patient when a user touches, taps, etc. the BSA parameter input field
3322. For example, the user may be asked to define a patient’s height and body weight.
After the user defines these values they may be run through a suitable formula to find the
patient’s BSA. The calculated BSA may then be used to populate the BSA parameter input
field 3322 on the GUI 3300.
[00621] In operation, the values displayed in the parameter input fields may change
throughout the course of a programmed infusion to reflect the current state of the infusion.
For example, as the infusate is infused to a patient, the values displayed by the GUI 3300 in
the in container drug amount parameter input field 3304 and total volume in container
parameter input field 3306 may decline to reflect the volume of the remaining contents of
the container. Additionally, the values in the VTBI parameter input field 3314 and time
parameter input field 3316 may also decline as infusate is infused to the patient.
[00622] FIG. 193 is an example rate over time graph detailing the one behavioral
configuration of a pump 3201, 3202, 3203 (see FIG. 179) over the course of an infusion.
The graph in FIG. 193 details an example behavioral configuration of a pump 3201, 3202,
3203 where the infusion is a continuous infusion (an infusion with a dose rate). As shown,
the graph in FIG. 193 begins at the initiation of infusion. As shown, the infusion is
administered at a constant rate for a period of time. As the infusion progresses, the amount
of infusate remaining is depleted. When the amount of infusate remaining reaches a pre-
determined threshold, an “INFUSION NEAR END ALERT” may be triggered. The
“INFUSION NEAR END ALERT” may be in the form of a message on the GUI 3300 and
may be accompanied by flashing lights, and audible noises such as a series of beeps. The
“INFUSION NEAR END ALERT” dlows time for the care giver and pharmacy to prepare
materials to continue the infusion if necessary. As shown, the infusion rate may not change
over the“INFUSION NEAR END ALERT TIME”.
[00623] When the pump 3201, 3202, 3203 (see FIG. 179) has infused the VTBI to a
patient a“VTBI ZERO ALERT” may be triggered. The “VTBI ZERO ALERT” may be in
the form of a message on the GUI 3300 and may be accompanied by flashing lights and
audible noises such as beeps. As shown, the “VTBI ZERO ALERT” causes the pump to
switch to a keep-vein-open (hereafter KVO) rate until a new infusate container may be put
in place. The KVO rate is alow infusion rate (for example 5-25mL/hr). The rate is set to
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keep the infusion site patent until a new infusion may be started. The KVO rate is
configurable by the group (elaborated upon later) or medication and can be modified on the
pump 3201, 3202, 3203. The KVO rate is not allowed to exceed the continuous infusion
rate. When the KV O rate can no longer be sustained and air reaches the pumping channel an
“AIR-IN-LINE ALERT” may be triggered. When the “AIR-IN-LINE-ALERT” istriggered,
al infusion may stop. The“AIR-IN-LINE ALERT” may bein the form of a message on the
GUI 3300 and may be accompanied by flashing lights and audible noises such as beeps.
[00624] FIG. 194 shows another example rate over time graph detailing one
behaviora configuration of a pump 3201, 3202, 3203 (see FIG. 179) over the course of an
infusion. The graph in FIG. 194 details an example behaviora configuration of a pump
3201, 3202, 3203 where the infusion is a continuous infusion (an infusion with a dose rate).
The aerts in the graph shown in FIG. 194 are the same as the aerts shown in the graph in
FIG. 193. The conditions which propagate the aerts are also the same. The rate, however,
remains constant throughout the entire graph until the “AIR-IN-LINE ALERT” is triggered
and the infusion is stopped. Configuring the pump to continue infusion at a constant rate
may be desirable in situations where the infusate is a drug with a short half-life. By
continuing infusion at a constant rate, it is ensured that the blood plasma concentration of
the drug remains at therapeutically effective levels.

[00625] The pump 3201, 3202, 3203 (see FIG. 179) may also be used to deliver a
primary or secondary intermittent infusion. During an intermittent infusion, an amount of a
drug (dose) is administered to a patient as opposed to a continuous infusion where the drug
is given at a specified dose rate (amount/time). An intermittent infusion is aso delivered
over a defined period of time, however, the time period and dose are independent of one
another. The previously described FI G. 189 shows a setup of the GUI 3300 for a continuous
infusion. The previously described FIG. 190 shows a setup of the GUI 3300 for an
intermittent infusion.

[00626] FIG. 195 is an example rate over time graph detailing the one behavioral
configuration of a pump 3201, 3202, 3203 (see FIG. 179) over the course of an intermittent
infusion. As shown, the intermittent infusion is given at a constant rate until all infusate
programmed for the intermittent infusion has been depleted. In the example behavioral
configuration, the pump 3201, 3202, 3203 has been programmed to issue a “VTBI ZERO
ALERT” and stop the infuson when al the infusate has been dispensed. In this
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configuration, the user may be required to manually clear the aert before another infusion
may be started or resumed.
[00627] Other configurations may cause a pump 3201, 3202, 3203 (see FIG. 179) to
behave differently. For example, in scenarios where the intermittent infusion is a secondary
infusion, the pump 3201, 3202, 3203 may be configured to communicate with its
companion pumps 3201, 3202, 3203 and automatically switch back to the primary infusion
after issuing a notification that the secondary intermittent infusion has been completed. In
alternate configurations, the pump may be configured issue a “VTBI ZERO ALERT” and
drop the infusion rate to a KVO rate after completing the intermittent infusion. In such
configurations, the user may be required to manualy clear the alert before a primary
infusion is resumed.
[00628] A bolus may also be delivered as a primary intermittent infusion when it may
be necessary or desirable to achieve a higher blood plasma drug concentration or manifest a
more immediate therapeutic effect. In such cases, the bolus may be delivered by the pump
3201, 3202, 3203 (see FIG. 179) executing the primary infusion. The bolus may be
delivered from the same container which the primary infusion is being delivery from. A
bolus may be performed at any point during an infusion providing there is enough infusate
to deliver the bolus. Any volume delivered via a bolus to a patient is included in the value
displayed by the VTBI parameter input field 3314 of the primary infusion.
[00629] Depending on the infusate, a user may be forbidden from performing a bolus.
The dosage of a bolus may be pre-set depending on the specific infusate being used.
Additionally, the period of time over which the bolus occurs may be pre-defined depending
on the infusate being used. In some embodiments, a user may be capable of adjusting these
pre-sets by adjusting various setting on the GUI 3300. In some situations, such as those
where the drug being infused has a long half-life (vancomycin, teicoplanin, etc.), a bolus
may be given as a loading dose to more quickly reach a therapeutically effective blood
plasma drug concentration.
[00630] FIG. 197 shows another rate over time graph in which the flow rate of the
infusate has been titrated to “ramp” the patient up on the infusate. Titration is often used
with drugs which register a fast therapeutic effect, but have a short haf life (such as
norepinephrine). When titrating, the user may adjust the delivery rate of the infusate until
the desired therapeutic effect is manifested. Every adjustment may be checked against a
series of limits defined for the specific infusate being administered to the patient. If an
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infusion is changed by more than a predefined percentage, an aert may be issued. In the
exemplary graph shown in FIG. 197, the rate has been up-titrated once. If necessary, the
rate may be up-titrated more than one time. Additionally, in cases where titration is being
used to “wean” a patient off of a drug, the rate may be down-titrated any suitable number of
times.

[00631] FIG. 196 is another rate over time graph in which the infusion has been
configured as a multi-step infusion. A multi-step infusion may be programmed in a number
of different steps. Each step may be defined by a VTBI, time, and a dose rate. Multi-step
infusions may be useful for certain types of infusates such as those used for parenteral
nutrition applications. In the example graph shown in FIG. 196, the infusion has been
configured as a five step infusion. The first step infuses a “VTBI 17 for a length of time,
“Time 17, at a constant rate, “Rate 1”. When the time interval for the first step has elapsed,
the pump moves on to the second step of the multi-step infusion. The second step infuses a
“VTBI 2" for alength of time, “Time 27, at a constant rate, “Rate 2”. As shown, “Rate 2" is
higher than “Rate 1”. When the time interval for the second step has elapsed, the pump
moves on to the third step of the multi-step infusion. The third step infusesa“VTBI 3 for a
length of time, “Time 3", at a constant rate, “Rate 3”. As shown “Rate 3" is the highest rate
of any steps in the multi-step infusion. “Time 3" is also the longest duration of any step of
the multi-step infusion. When the time interval for the third step has elapsed, the pump
move on to the fourth step of the multi-step infusion. The fourth step infusesa“VTBI 4” for
alength of time, “Time 4”, a a constant rate, “Rate 4”. As shown, “Rate 4" has been down-
titrated from “Rate 3”. “Rate 4” is approximately the same as “Rate 2”. When the time
interval for the fourth step of the multi-step infusion has elapsed, the pump move on to the
fifth step. The fifth step infuses a “VTBI 5” for a length of time, “Time 57, at a constant
rate, “Rate 5. As shown, “Rate 5 has been down-titrated from “Rate 4” and is
approximately the sasme as“Rate 1”.

[00632] The “INFUSION NEAR END ALERT” istriggered during the fourth step of
the example infusion shown in FIG. 196. At the end of the fifth and final step of the multi-
step infusion, the “VTBI ZERO ALERT” is triggered. In the example configuration shown
in the graph in FIG. 196, the rate is dropped to a KV O rate after the multi-step infusion has
been concluded and the “VTBI ZERO ALERT” has been issued. Other configurations may
differ.
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[00633] Each rate change in a multi-step infusion may be handled in a variety of
different ways. In some configurations, the pump 3201, 3202, 3203 (see FIG. 179) may
display a notification and automatically adjust the rate to move on to the next step. In other
configurations, the pump 3201, 3202, 3203 may issue an alert before changing the rate and
wait for confirmation from the user before adjusting the rate and moving on to the next step.
In such configurations, the pump 3201, 3202, 3203 may stop the infusion or drop to aKVO
rate until user confirmation has been received.
[00634] In some embodiments, the user may be capable of pre-programming
infusions. The user may pre-program an infusion to automatically being after a fixed
interval of time has elapsed (e.g. 2 hours). The infusion may also be progranmed to
automatically being at a specific time of day (e.g. 12:30 pm). In some embodiments, the
user may be capable of programming the pump 3201, 3202, 3203 (see FIG. 179) to aert the
user with a callback function when it is time to being the pre-programmed infusion. The
user may need to confirm the start of the pre-programmed infusion. The callback function
may be a series of audible beeps, flashing lights, or the like.
[00635] In arrangements where there are more than one pump 3201, 3202, 3203 (sece
FIG. 179), the user may be able to program a relay infusion. The relay infusion may be
programmed such that after a first pump 3201, 3202, 3203 has completed its infusion, a
second pump 3201, 3202, 3203 may automatically being a second infusion and so on. The
user may also program arelay infusion such that the user is alerted via the callback function
before the relay occurs. In such a programmed arrangement, the relay infusion may not
being until confirmation from a user has been received. A pump 3201, 3202, 3203 may
continue at a KV O rate until user confirmation has been received.
[00636] FIG. 198 shows an example block diagram of a “Drug Administration
Library”. In the upper right hand corner there is a box which is substantially rectangular,
though its edges are rounded. The box is associated with the name “ General Settings’. The
“General Settings’ may include settings which would be common to all devicesin afacility
such as, site name (e.g. XZY Hospital), language, common passwords, and the like.
[00637] In FIG. 198, the “Drug Administration Library” has two boxes which are
associated with the names “ Group Settings (ICU)” and “ Group Settings’. These boxes form
the headings for their own columns. These boxes may be used to define a group within a
facility (e.g. pediatric intensive care unit, emergency room, sub-acute care, etc.) in which
the device is stationed. Groups may also be areas outside a parent facility, for example, a
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patient’s home or an inter-hospital transport such as an ambulance. Each group may be used
to set specific settings for various groups within a facility (weight, titration limits, etc.).
These groups may alternatively be defined in other manners. For example, the groups may
be defined by user training level. The group may be defined by a prior designated individual
or any of a number of prior designated individuals and changed if the associated patient or
device is moved from one specific group within afacility to another.
[00638] In the example embodiment, the left column is “Group Settings (ICU)”
which indicates that the peristaltic pump 2990 is stationed in the intensive care unit of the
facility. The right column is “Group Settings’ and has not been further defined. In some
embodiments, this column may be used to designate a sub group, for example operator
training level. Asindicated by lines extending to the box off to the left of the block diagram
from the “Group settings (ICU)” and “Group Settings’ columns, the settings for these
groups may include a preset number of default settings.
[00639] The group settings may include limits on patient weight, limits on patient
BSA, air alarm sensitivity, occlusion sensitivity, default KVO rates, VTBI limits, etc. The
group settings may aso include parameters such as whether or not a review of a
programmed infusion is necessary for high risk infusates, whether the user must identify
themselves before initiating an infusion, whether the user must enter a text comment after a
limit has been overridden, etc. A user may also define the defaults for various attributes like
screen brightness, or speaker volume. In some embodiments, a user may be capable of
programming the screen to automatically adjust screen brightness in relation to one or more
conditions such as but not limited to time of day.
[00640] As also shown to the left of the block diagram in FIG. 198, each facility may
have a “Master Medication List” defining all of the infusates which may be used in the
facility. The “Master Medication List” may comprise a number of medications which a
qualified individual may update or maintain. In the example embodiment, the “Master
Medication List” only has three medications: Heparin, 0.9% Normal Saline, and Alteplase.
Each group within a facility may have its own list of medications used in the group. In the
example embodiment, the “Group Medication List (ICU)” only includes a single
medication, Heparin.
[00641] As shown, each medication may be associated with one or a number of
clinical uses. In FIG. 198 the “Clinical Use Records’ are defined for each medication in a
group medication list and appear as an expanded sub-heading for each infusate. The clinical
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uses may be used to tailor limits and pre-defined settings for each clinical use of the
infusate. For Heparin, weight based dosing and non-weight based dosing are shown in FIG.
198 as possible clinical uses. In some embodiments, there may be a “Clinica Use Record”
setting requiring the user to review or re-enter a patient’s weight (or BSA) before beginning
an infusion.
[00642] Clinical uses may aso be defined for the different medical uses of each
infusate (e.g. stroke, heart attack, etc.) instead of or in addition to the infusate’ s dose mode.
The clinical use may also be used to define whether the infusate is given as a primary
continuous infusion, primary intermittent infusion, secondary infusion, etc. They may aso
be use to provide appropriate limits on the dose, rate, VTBI, time duration, etc. Clinical uses
may aso provide titration change limits, the availability of boluses, the availability of
loading doses, and many other infusion specific parameters. In some embodiments, it may
be necessary to provide at least one clinical use for each infusate in the group medication
list.
[00643] Each clinical use may additionally comprise another expanded sub-heading
in which the concentration may also be defined. In some cases, there may be more than one
possible concentration of an infusate. In the example embodiment in FIG. 198, the weight
base dosing clinical use has a 400mg/250mL concentration and an 800 mg/250mL
concentration. The non-weight based dosing clinical use only has one concentration,
400mg/mL. The concentrations may also be used to define an acceptable range for instances
where the user may customize the concentration of the infusate. The concentration setting
may include information on the drug concentration (as shown), the diluents volume, or other
related information.
[00644] In some embodiments, the user may navigate to the “Drug Administration
Library” to populate some of the parameter input fields shown in FIGS. 188-192. The user
may also navigate to the “Drug Administration Library” to choose from the clinical uses for
each infusate what type of infusion the peristaltic pump 2990 will administer. For example,
if a user were to select weight based Heparin dosing on FIG. 198, the GUI 3300 might
display the infusion programming screen shown on FI G. 191 with “Heparin” populated into
the medication parameter input field 3302. Selecting a clinical use of a drug may aso
prompt a user to select a drug concentration. This concentration may then be used to
populate the concentration parameter input field 3308 (see FIGS. 188-192). In some
embodiments, the “Drug Administration Library” may be updated and maintained external
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to the peristaltic pump 2990 and communicated to the peristatic pump 2990 via any
suitable means. In such embodiments, the “Drug Administration Library” may not be
changeable on the peristaltic pump 2990 but may only place limits and/or constraints on
programming options for a user populating the parameter input fields shown in FIG. 188-
192.

[00645] As mentioned above, by choosing a medication and clinical use from the
group medication list, a user may also be setting limits on other parameter input fields for
infusion programming screens. For example, by defining a medication in the “Drug
Administration Library” a user may also be defining limits for the dose parameter input
field 3310, dose rate parameter input field 3318, rate parameter input field 3312, VTBI
parameter input field 3314, time parameter input field 3316, etc. These limits may be pre-
defined for each clinical use of an infusate prior to the programming of an infusion by a
user. In some embodiments, limits may have both a soft limit and a hard limit with the hard
limit being the ceiling for the soft limit. In some embodiments, the group settings may
include limits for all of the medications available to the group. In such cases, clinical use
limits may be defined to further tailor the group limits for each clinical usage of a particular
medi cation.

EXEMPLARY BATTERY AND SPEAKER TEST
[00646] Fig. 199 shows a circuit diagram 13420 having a speaker 3615 and a battery
3420 in accordance with an embodiment of the present disclosure. The battery 3420 may be
a backup battery 3450 (Fig. 202A) and/or the speaker 3615 may be a backup alarm speaker
3468 (Fig. 202B). That is, the circuit 13420 may be a backup aarm circuit, for example, a

backup alarm circuit in amedical device, such as a peristaltic pump 2900.

[00647] In some embodiments of the present disclosure, the battery 3420 may be
tested simultaneously with the speaker 3615. When a switch 13422 isin an open position, a
voltmeter 13425 may be used to measure the open circuit voltage of the battery 3420.
Thereafter, the switch 13422 may be closed and the closed-circuit voltage from the battery
3420 may be measured. The internal resistance of the battery 3420 may be estimated by
using the known impedance, Z, of the speaker 3615. A processor may be used to estimate
the internal resistance of the battery 3420 (e.g., aprocessor of a peristaltic pump 2900). The
processor may correlate the internal resistance of the battery 3420 to the battery’s 3420
health. In some embodiments of the present disclosure, if the closed-circuit voltage of the

106 °



10

15

20

25

30

battery 3420 is not within a predetermined range (the range may be a function of the open-
circuit voltage of the battery 3420), the speaker 3615 may be determined to have failed.
[00648] In some additional embodiments of the present disclosure, the switch 13422
may be modulated such that the speaker 3615 is tested simultaneously with the battery
3420. A microphone 3617 may be used to determine if the speaker 3615 is audibly
broadcasting a signal within predetermined operating parameters (e.g., volume, frequency,
spectral compositions, etc.) and/or the internal impedance of the battery 3420 may be
estimated to determine if it is within predetermined operating parameters (e.g., the complex
impedance, for example). The microphone 3617 (Fig. 202C) may be coupled to the
processor. Additionally or aternatively, a test signa may be applied to the speaker 3615
(e.g., by modulating the switch 13422) and the speaker’s 3615 current waveform may be
monitored by an current sensor 13426 to determine the total harmonic distortion of the
speaker 3615 and/or the magnitude of the current; a processor may be monitored these
values using the current sensor 13426 to determine if a fault condition exists within the
speaker 3615 (e.g., the total harmonic distortion or the magnitude of the current are not
within predetermined ranges).

[00649] Various sine waves, periodic waveforms, and/or signals maybe applied to the
speaker 3615 to measure its impedance and/or to measure the impedance of the battery
3420. For example, a processor of a peristaltic pump 2900 disclosed herein may modulate
the switch 13422 and measure the voltage across the battery 3420 to determine if the battery
3420 and the speaker 3615 has an impedance within predetermined ranges; if the estimated
impedance of the battery 3420 is outside afirst range, the processor may determine that the
battery 3420 isin afault condition, and/or if the estimated impedance of the speaker 3615 is
outside a second range, the processor may determine that the speaker 3615 is in a fault
condition. Additionaly or alternatively, if the processor cannot determine if the battery
3420 or the speaker 3615 has a fault condition, but has determined that at least one existsin
afault condition, the processor may issue an alert or alarm that the circuit 13420 isin afault
condition. The processor may alarm or alert a user or aremote server of the fault condition.
In some embodiments of the present disclosure, the peristaltic pump 2990 will not operate
until the fault is addressed, mitigated and/or corrected.
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Electrical System
[00650] The electrical system 4000 of the peristaltic pump 2990 is described in a
block schematic in Figs 200 and 201. The electrical system 4000 controls the operation of

the peristaltic pump 2990 based on inputs from the user interface 3700 and sensors 3501.
The electrical system 4000 may be a power system comprised of a rechargeable main
battery 3420 and battery charging 3422 that plugs into the AC mains. The electrical system
4000 may be architected to provide safe operation with redundant safety checks, and allow
the peristaltic pump 2990 to operate in fail operative modes for some errors and fail safe for
the rest.

[00651] The high level architecture of multiple processors is shown in Fig 200. In
one example, the eectrical system 4000 is comprised of two main processors, a rea time
processor 3500 and a User Interface and Safety Processor 3600. The electrical system may
also comprise a watch-dog circuit 3460, motor control elements 3431, sensors 3501 and
input/output elements. One main processor, referred to as the Real Time Processor (RTP)
3500 may controls the speed and position of the motor 3072 that actuates the plunger 3091,
and valves 3101,3111. The RTP 3500 controls the motor 3072 based on input from the
sensors 3501 and commands from the User Interface & Safety processor (UIP) 3600. The
UIP 3600 may manage telecommunications, manage the user interface 3701, and provide
safety checks on the RTP 3500. The UIP 3600 estimates the volume pumped based on the
output of amotor encoder 3438 and may signal an alarm or alert when the estimated volume
differs by more than a specified amount from a desired volume or the volume reported by
the RTP 3500. The watch dog circuit 3460 monitors the functioning of the RTP 3500. If
the RTP 3500 fails to clear the watch dog 3460 on schedule, the watch dog 3460 may
disable the motor controller, sound an alarm and turn on failure lights at the user interface
3701. The sensor 3130 may measure the rotational position of the cam shaft 3080 and the
plunger 3901. The RTP 3500 may use the sensor inputs to control the motor 3072 position
and speed in a closed-loop controller as described below. The telecommunications may
include a WIFI driver and antenna to communicate with a central computer or accessories, a
bluetooth driver and antenna to communicate with accessories, tablets, cell-phones etc. and
a Near Field Communication (NFC) driver and antenna for RFID tasks and a bluetooth. In
FIG. 200 these components are collectively referred to with the reference number 3721.
The user interface 3701 may include a display, a touch screen and one or more buttons to
communicate with the user.
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[00652] The detailed electrical connections and components of the electrical system
4000 are shown in Figs. 202A-202G. The sensors 3130, 3530, 3525, 3520and part of the
RTP 3500 are shown in Fig 202A. The sensors monitoring the peristaltic pump 2990 that
are connected to the RTP 3500 may comprise the rotary position sensor 3130 monitoring
the cam shaft position and two linear encoders 3520, 3525 that measure the position of the
plunger 3091 as shown. One linear encoder 3520 measures the position of the magnet
(3096A in Fig 144) upstream side of the plunger 3091. The other linear encoder 3525
measures the position of the magnet (3096A in Fig 144) on the downstream side of the
plunger 3091. In another embodiment, the position of the plunger may be measured with a
single magnet and linear encoder. Alternatively, RTP 3500 may use output of only one
linear encoder if the other fails. A thermistor 3540 provides a signa to the RTP 3500
indicative of the infusion line 3210 temperature. Alternatively the thermistor 3540 may
measure atemperature in the peristaltic pump 2990.

[00653] As shown, the electrical system 4000 defines specific part numbers for
various components. For example, the thermistor 3540 is defined as a “2X SEMITEC
103JT-050 ADMIN Set THERMISTOR” These part numbers should not be construed as
limiting in any way whatsoever. In different embodiments, suitable replacement
components may be used in place of the specific parts listed in the FIGS. 202A-202G. For
example the thermistor 3540 may not be a “2X SEMITEC 103JT-050 ADMIN Set
THERMISTOR”, but rather any suitable replacement thermistor 3540. In some
embodiments, the electrical system 4000 may comprise additional components. In some
embodiments the electrical system 4000 may comprises fewer components than the number
of components shown in FIGS. 202A-202G

[00654] The two infusion line sensors located downstream of the peristaltic pump
2990, an air-in-line sensor 3545 and an occlusion sensor 3535 may be connected to the RTP
3500. An air-in-line sensor 3545 detects the presence of air in the section of infusion line
3210 near the air-in-line sensor 3545. In one example, the air-in-line sensor 3545 may
comprise an ultra-sonic sensor 3545B, a logic unit 3545A and a signal conditioning unit
3545C.

[00655] The occlusion sensor 3535 measures the internal pressure of fluid in the
infusion line 3535. In an example embodiment, the occlusion sensor 3535 may comprise a

force sensor 3535B, a current excitation 1C 3535A, a signal amplifier 3535C and a data
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buffer 3535D. The data buffer chip 3535D may protect the RTP 3500 from over-voltages
due to high forces form pressures applied to the force sensor 3535B.

[00656] The watchdog circuit 3460 is shown in Figs 202A-202C. The watch dog
circuit is enabled by an 12C command from the RTP 3500. The watch dog circuit 3460 may
signal an error and disable the motor control 3430 if it does not receive a signal from the
RTP 3500 at a specified frequency. The watch dog circuit 3460 may signal the user viaan
audible alarm. The audible alarm may be issued via an amplifier 3464 and/or backup
speaker 3468. The watch dog circuit 3460 may signal the user with visual dlarm LEDs
3750 (shown in Fig 202D). In one embodiment, the RTP 3500 must “clear” the watch dog
circuit 3460 between 10 ms and 200 ms after the watch dog circuit’s last clear. In one
embodiment, the watch dog circuit 3460 is comprised of a window watchdog 3450A, a
logic circuit 3460B including one or more flip-flop switches and an 10 expander 3460C that
communicates with the RTP 3500 over an 12C bus. A backup battery 3450 provides power
to the watchdog circuit 3460 and backup speaker system (which may comprise an audio
amplifier 3464, and a backup speaker 3468) in case the main battery 3420 fails. The backup
battery 3450 provides power to the RTP 3500 and UIP 3600 to maintain the internal
timekeeping, which may be especially desirable when the main battery 3420 is changed.
The RTP 3500 may also monitor the voltage of the backup battery 3450 with a switch such
asthe“FAIRCHILD FPF1005 LOAD SWITCH” 3452 shown in FIG. 202A.

[00657] The RTP 3500 directly controls the speed and position of the motor 3072
which controls the position and speed of the plunger and valves. The motor 3072 may be
any of a number of types of motors including a brushed DC motor, a stepper motor or a
brushless DC motor. In the embodiment illustrated in Figs. 202A-202G, the peristaltic
pump 2990 is driven by a brushless direct current (BLDC) servo motor 3072 where the
rotary position sensor 3130 measures the position of the cam-shaft. In one example
embodiment, the RTP 3500 receives the signals from the hall-sensors 3436 of a brushless
DC motor 3072 and does the calculations to commutate power to the windings of the motor
3072 to achieve a desired speed or position. The commutation signals are sent to the motor
driver 3430 which selectively connects the windings to the motor power supply 3434. The
motor 3072 is monitored for damaging or dangerous operation via current sensors 3432 and
atemperature sensor 3072a.

[00658] The signals from the hall sensors 3436 may be supplied to both the RTP
3500 and to an encoder 3438. In one embodiment, three hall sensor signals are generated.
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Any two of the three hall signals are sent to the encoder 3438. The encoder 3438 may use
these signals to provide a position signal to the UIP 3600. The UIP 3600 estimates the total
volume of fluid dispensed by the peristaltic pump 2990 by interpreting the position signal of
the encoder 3438. The UIP 3600 estimates the total volume by multiplying the number of
complete cam-shaft revolutions times a given stroke volume. The total volume estimate of
the UIP 3600 assumes each plunger stroke supplies the given amount of fluid. The amount
of fluid supplied per stroke is determined empirically during development and stored in
memory. Alternatively, each peristaltic pump 2990 may be calibrated during assembly to
establish the nomina volume / stroke that may be stored in memory. The UIP 3600
estimated volume may then be compared at regular intervals to the expected volume from
the commanded therapy. In some embodiments, the interval between comparisons may be
shorter for specific infusates, for example short-half life infusates. The therapy may specify,
among other parameters, aflow rate, a duration, or atotal volume to be infused (VTBI). In
any case, the expected volume for a programmed therapy at a given time during that therapy
may be calculated and compared to the volume estimated by the UIP 3600. The UIP 3600
may signal an adert if the difference between UIP 3600 estimated volume and the therapy
expected volume is outside a predefined threshold. The UIP 3600 may signal an alarm if
the difference between UIP 3600 estimated volume and the therapy expected volume is
outside of another predefined threshold.

[00659] The UIP 3600 may also compare the estimated volume to the volume
reported by the RTP 3500. The UIP 3600 may signal an alert if the difference between UIP
3600 estimated volume and the RTP 3500 reported volume is outside a predefined
threshold. The UIP 3600 may signal an aarm if the difference between UIP 3600
estimated volume and the RTP 3500 reported volume is outside a second threshold.

[00660] In some embodiments, the UIP 3600 may compare the RTP 3500 reported
volume to therapy expected volume and signal an aert if the two values differ by more than
a predefined threshold. The UIP 3600 may signal an aarm if the difference between the
RTP 3500 reported volume and the therapy expected volume differ by more than a
predefined threshold. The values of the aert and alarm thresholds may be different for
comparisons between different sets of volumes including the UIP 3600 estimated volume,
the RTP 3500 calculated volume and the therapy expected volume. The thresholds may be
stored memory. The thresholds may vary depending on a number of other parameters, such
as but not limited to, medication, medication concentration, therapy type, clinical usage,
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patient or location. The thresholds may be included in the DERS database and downloaded
from the device gateway server.
[00661] The dlide clamp or dslide occluder sensor 3152 and the door sensor 3162
communicate with both the RTP 3500 and the UIP 3600 as shown in Figs 202B, 202F. In
one embodiment the sensors are magnetic null sensors that change state when for example
the dlide occluder 3200 is detected or the door latch hook 3025C engages the pump body.
The RTP 3500 or the UIP 3600 may enable the motor power supply 3434 only while the
processors receive signals indicating that the slide occluder 3200 is in place and the door
assembly 3021 is properly closed.
[00662] An RFID tag 3670 (Fig 202C) may be connected by an 12C bus to the UIP
3600 and to a near field antenna 3955. The RFID tag 3670 may be used by med-techs or
other users or personnel to acquire or store information when the peristaltic pump 2990 isin
an unpowered state. The UIP 3600 may store service logs or error codes in the RFID tag
3670 that can be accessed by an RFID reader. A med-tech, for example, could inspect
unpowered peristaltic pumps 2990 in storage or evaluate non-functioning peristaltic pumps
2990 by using an RFID reader to interrogate the RFID tag 3670. In another example, a
med-tech may perform service on the peristaltic pump 2990 and store the related service
information in the RFID tag 3670. The UIP 3600 may then pull the latest service
information from the RFID tag 3670 and store it in memory 3605.
[00663] The main battery 3420 may supply all the power to the peristaltic pump
2990. The main battery 3420 is connected via a system power gating element 3424 to the
motor power supply 3434. All of the sensors and processors may be powered by one of the
several voltage regulators 3428. The main battery 3420 is charged from AC power via a
battery charger 3422 and an AC/DC converter 3426. The UIP 3600 may be connected to
one or more memory chips 3605.
[00664] The UIP 3600 controls the main audio system which comprise a main
speaker 3615 and the audio-chips 3610, 3612. The main audio system may be capable of
producing a range of sounds indicating, for example, alerts and alarms. The audio system
may aso provide confirmatory sounds to facilitate and improve user interaction with the
touch screen 3755 and display 3725. The main audio system may include a microphone
3617 that may be used to confirm the operation of the main speaker 3615 as well as the
backup speaker 3468. The main audio system may produce one or more tones, modulation
sequences and/or patterns of sound and the audio codec chip 3610 may compare the signal
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received from the microphone 3617 to the signal sent to the main speaker 3615. The use of
one or more tones and comparison of signals may allow the system to confirm main speaker
3615 function independently of ambient noise. Alternatively the UIP 3600 or the audio
codec 3610 may confirm that the microphone 3617 produced a signal at the same time a
signal was sent to the speaker amplifier 3612.

[00665] The UIP 3600 may provide arange of different wireless signals for different
uses. The UIP 3600 may communicate with the hospital wireless network via a dual band
wifi using chips 3621, 3620 and 3622 and antennas 3720, 3722. The spatially diverse dua
antenna may be desirable because it may be capable of overcoming dead spots within a
room due to multiple paths and cancellation. A hospital device gateway may communicate
DERS (Drug Error Reduction System), CQI (Continuous Quality Imporvement),
prescriptions, etc. to the peristaltic pump 2990 via the wifi system.

[00666] The bluetooth system, using the same chips 3621, 3620 and 3622 and
antennas 3720, 3722, provides a convenient method to connect auxiliaries to the peristaltic
pump 2990 that may include pulse-oximeters, blood pressure readers, bar-code readers,
tablets, phones, etc. The bluetooth may include version 4.0 to allow low power auxiliaries
which may communicate with the peristaltic pump 2990 periodically such as, for example, a
continuous glucose meter that sends an update once a minute.

[00667] The NFC system is comprised of an NFC controller 3624 and an antenna
3724. The controller 3624 may also be referred to as an RFID reader. The NFC system
may be used to read RFID chips identifying drugs or other inventory information. The
RFID tags may aso be used to identify patients and caregivers. The NFC controller 3624
may also interact with a similar RFID reader on, for example, a phone or tablet computer to
input information including prescriptions, bar-code information, patient, care-giver
identities, etc. The NFC controller 3624 may also provide information to the phone or
tablet computers such as the peristaltic pump 2990 history or service conditions. The RFID
antennas 3720 and 3722 or NFC antenna 3724 may preferably be located around or near the
display screen, so al interaction with the pump occurs on or near the screen face whether
reading an RFID tag or interacting with the display touch screen 3725, 3735.

[00668] The UIP 3600 may include a medical grade connector 3665 so that other
medical devices may plug into the peristaltic pump 2990 and provide additional capabilities.

The connector 3665 may implement a USB interface.
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[00669] The display 3700 includes the antennas 3720, 3722, 3725, the touch screen
3735, LED indicator lights 3747 and three buttons 3760, 3765, 3767. The display 3700 may
include a backlight 3727 and an ambient light sensor 3740 to allow the screen brightness to
automatically respond to ambient light. The first button 3760 may be the “Power” button,
while another button 3765 may be an infusion stop button. These buttons 3760, 3765, 3767
may not provide direct control of the peristaltic pump 2990, but rather provide a signal to
the UIP 3600to either initiate or terminate infusion. The third button 3767 will silence the
alarm at the main speaker and at the secondary speaker. Silencing the alarm will not clear
the fault, but will end the audible alarm. The €electric system 4000 described above, or an
aternative embodiment of the electrical system 4000 described above, may be used with
any of peristaltic pumps with linear position sensors.

Controls
[00670] The pumping agorithms provide substantially uniform flow by varying the
rotation speed of the motor 3072 over a complete revolution. At low flows, the motor 3072
turns at arelatively high rate of speed during portions of the revolution when the plunger
3091 is not moving fluid toward the patient. At higher flow rates, the motor 3072 turns a a
nearly constant speed throughout the revolution to minimize power consumption. At the
high flow rates, the motor 3072 rotation rate is proportional to the desired the flow rate.
The pump algorithm use linear encoders 3520, 3525 (Fig. 202A) above the plunger 3091 to
measure volume of fluid pumped toward the patient. The pump algorithm use linear
encoders 3520, 3525 (Fig. 202A) above the plunger 3091, the rotation encoder 3130 (Fig.
202A) near the cam-shaft 3080 and the air-in-line sensor 3545 downstream of the plunger
3091 to detect one or more of the following conditions: downstream occlusions, upstream
occlusions/empty bag, |eaks and the amount of air directed toward the patient.
[00671] One embodiment of the valve 3101, 3111 openings and plunger 3091
position is plotted in Fig. 203. Three time periods are identified in Fig. 203 including a
refill 826, pressurization 835 and deliver 840 period. In addition, period “A” occurs
between the pressurization period 835 and Delivery period 840, and period “B” occurs
between the Delivery period 840 and Refill period 830. Theinlet valve position 820, outlet
valve position 825 and plunger position 815 are plotted on a sensor signal over cam angle
graph over a complete cam shaft 3080 rotation.
[00672] The refill period 830 occurs while the inlet valve 820 is held off the infusion
line 3210 and the plunger 3091 is lifted off the infusion line 3210 by the plunger cam 3083.
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Therefill period 830 ends and the pressurization period 835 begins astheinlet valve 3101 is
closing. The plunger cam 3083 isfull retracted during the pressurization period 835 to
allow the plunger 3091 to land on the filled infusion line 3210. The pressurization period
835 ends several cam angle degrees past the point where the plunger cam 3083 reaches its
minimum value. After awaiting period “A”, the plunger cam 3083 lifts until it reaches the
height where the plunger 3091 is expected to be. The delivery period 840 begins when the
outlet valve 3111 starts to open and lasts until the outlet valve 3111 closes again. The
plunger cam 3083 rotates causing the plunger 3091 to descend during the delivery period
840 pushing fluid toward the patient.
[00673] The RTP 3500 may determine the volume of fluid delivered toward the
patient for each stroke based on signals from the rotary encoder 3130 measuring the angle
of the camshaft 3080 and from the linear encoder 3525, 3520 measurements plunger 3091
position. The volume of each stroke may be measured by subtracting the height of the
plunger 3091 at the end of the delivery period 840 from the height of the plunger 3091 at
the end of pressurization period 835. The height of the plunger 3091 may be determined
from signals of one or both of the linear encoders 3020, 3025, where the height
approximates the distance of the plunger tip 3091B from the platen 3022. The end of the
delivery period 840 and the end of the pressurization period 835 may be determined from
the rotary encoder 3130 measuring the angle of the crank shaft. The measured height
difference 845 may be empirically associated with pumped volumes and the result stored in
alookup table or in memory in the controller. The volume vs. stroke table may be
determined during devel opment and be programmed into each peristaltic pump 2990 during
manufacture. Alternatively, the measured change in plunger 3091 height may be calibrated
to pumped volume for each peristaltic pump 2990 or pumping mechanism 3000 during the
manufacturing process.
[00674] In one embodiment, the pumped volume is calibrated plunger 3091 positions
as.

Vi=A+B* (hp—hp)
where V; is the pumped volume, A and B are fitting coefficients, hp is the plunger 3091
position at the end of the pressurization period 835 and hp is the plunger 3091 position at
the end of the delivery period 840.
[00675] The speed of the motor 3072 varies with the flow rate and it varies over a
singlerevolution for lower flow rates. In one example, the motor 3072 rotation isrelatively
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constant for commanded flow rates above approximately 750 ml/hr. The motor 3072 speed
is controlled to relativel y slower speeds during intake and deliver flow rates for commanded
flow rates below approximately 750 ml/hr.
[00676] The motor 3072 moves at a constant speed during the pressurization period
835 for al pumping rates. In one example the motor 3072 turns at the speed required to
deliver fluid at the highest flow rate. In one example the motor 3072 turns at 800°/second
during the pressurization period 835, which corresponds to the peristaltic pump 2990 to
delivering 1200 mL/Hr. Running the motor 3072 at afixed high speed during the
pressurization period 835 may advantageously minimize no-flow periods which improves
uniformity of fluid flow. Running the motor 3072 at afixed high speed during the
pressurization period 835 may advantageously create a consistent measurement of the filled
infusion line 3210 height by compressing the plastic walls of the infusion line 3210 at the
same rate each time. Not being limited to a single theory, one theory holds that the plastic
infusion line 3210 continues to yield after being compressed, which would produce alower
height for the filled infusion line 3210 the longer the time between compression and
measurement. The plastic may exhibit visco-elastic properties so that the amount of strain
in the plastic changes with the rate of compression, which in turn would change the
measured height of the plastic infusion line 3210.

LOW FLOW MODE

[00677] The pumping agorithm to produce adesired flow rate may control motor
3072 speed differently during the refill and delivery periods 830,840 for relatively lower
flow rates as compared to higher flow.
[00678] In the low flow mode the motor 3072 is controlled during the delivery period
840 to control the cam-shaft 3080 position in order to produce a predefined volume
trgectory. Thevolume trgectory isthe volume of fluid delivered to the patient verses
time. The predefined volume trajectory usually occurs over many cam-shaft 3080 rotations,
so that the delivery period 840 must deliver afull revolution’s worth of fluid at the
trajectory speed in the shorter delivery period 840.
[00679] The motor 3072 speed during the refill period 830 is adjusted to produce a
full infusion line 3210 as measured at the plunger 3091 position at the end of the
pressurization period 835. The controller will slow the motor 3072 speed if the infusion
line 3210 is not full in the previous pump cycle. Therefill period 830 is selected such that
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the plunger 3091 lifts off of the hard stop 3022A (Fig. 153) slowly (at lower flow rates) in
order to minimize cavitation and air bubble generation.

[00680] At all other times the motor 3072 spins at the Delivery Stroke Velocity. In
short, thisisthe velocity at which the cam shaft 3080 must complete arevolution in order to

keep up with the trgjectory volume, limited to values greater than 500° per second.

HIGH FLOW MODE
[00681] In high flow mode, the refill and delivery periods 830, 840 occur at the
Delivery Stroke Velocity. The pressurization period 835 continues to occur at 800° per

second. The Delivery Stroke Speed is continuously updated based on the previous volume

measurement.

Delivery Stroke Velocity

[00682] The Delivery Stroke Velocity is the velocity at which the cam shaft 3080
needs to rotate in order for the controller to maintain the requested flow rate. Thisvalueis
limited to speeds greater than 500° per second (approx. 700 mL per Hr). Thisvaueisalso
limited to less than the velocity required to maintain the requested flow rate in the case
where the peristaltic pump 2990 is only delivering 80 uLs per stroke. This would be a
significant under-fill and likely the result of some issue upstream of the peristaltic pump
2990. The velocity is calculated using the current volume delivered, requested volume
delivered, previous stroke volume, and requested flow rate as pictured in Fig. 204.

A = Trajectory Volume, at end of previous stroke

B = Measured Delivered Volume, as of previous stroke
D = Expected Stroke Volume

C=B+D—-A

T = Requested Trajectory Flow Rate

C=T(t)
C B+D-4
T T

. ~ deg
6 = Cam Shaft Velocity, —
sec
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[00683] In order to achieve a consistent flow rate, particularly during low flow rate
deliveries, the rate at which the plunger 3091 descends must be controlled. The goal isto
keep the flow as continuous and as close to the trgjectory volume as possible. Thisis
complicated by periods where the peristaltic pump 2990 does not deliver (refill, pressurize,
etc).
[00684] To achieve continuous flow, at the start of the delivery stroke the volume
delivered as part of the previous stroke should be equal the trgjectory volume. This ensures
asmooth initial delivery (avoiding aninitial “rush” to catch up). In order to accomplish this,
by the end of the previous stroke the peristaltic pump 2990 must have over-delivered by the
volume that is accrued during the Refill and Pressurization 830, 835 phases. This Over-
Delivery volume is applied throughout the delivery stroke, such that at the start none of it is
applied, but by the end the full volume is added.
[00685] An additional consideration isthefill volume. Shown in Fig. 205 is agraph
of the volume delivered versus the cam angle over various fill volumes for several pump
cycles. In the case of acompletely full pumping chamber (approx. 150 uLs), thereis a spurt
of fluid asthe outlet valve 3111 first opens. Alternatively, in the case of fill volumes lower
than about 130 uLs, there is atendency to pull fluid. Both of these occurrences negatively
affect flow continuity. In to temper this, in some embodiments atarget fill volumeis set to
minimize these effects.
[00686] The graph in Fig. 205 shows multiple delivery strokes, with the volume
delivered normalized to 135 uLs. Most of the stroke is repeatable, once adjusting for the fill
volume. The result of all of thisis athird-order function that calculates a desired cam shaft
3080 angle given arequested volume. See below for the pertinent equations.
Variables

n = Current Delivery Stroke

i = Current Motor Control ISR cycle

f(x) = 3rd Order Polynomial Fit

E, = Expected Pulse Volume given a Fill Volume per current delivery stroke

B, = Pulse Volume per f(x) per delivery stroke (this is a constant)

118°



10

15

20

25

30

S, = Expected Volume Shortage of current stroke
T; = Current Target Volume via Trajectory

v,
Q; = Target Volume to be Delivered at time i
F; = Fraction of Stroke completed at time i

O

= Overhead Volume (Trajectory volume increase during nondelivery portions of cycl

6; = Requested Cam Shaft Angle
0o = Inital Cam Shaft Angle at start of delivery stroke

EQUATIONS

S, =P, —E,

Qi =T, —Vpq
Q;

Fi — E—n

Gi:f(Qi+Sn+OnFi)+60

[00687] In some embodiments, the motor 3072 velocity during the delivery stroke is
limited to no faster than the Delivery Stroke Velocity. The result of thisisthat at high

speeds, the requested position is always ahead of the speed-limited position. At lower flow
rates, the cam shaft 3080 position quickly reaches the calculated position and subsequently

follows the above algorithm.

Down-stream Occlusion Detection

[00688] The controller may determine whether a downstream occlusion exists by
comparing the pressures or forces measured at the occlusion detector 3535 (3068 in Fig.
133) during the delivery period 840, during the previous refill period 830 and the filtered
pressure data from previous pump cycles. Here apump cycle is a complete revolution of
the cam-shaft 3080 producing arefill, pressurization and delivery period (830, 835, 840). A
downstream occlusion will be determined to exist by the processor if any one of several
conditions occur. The pressures or forces measured by the sensor 3545B may be low pass

filtered to regject spurious noise. In one embodiment, the low pass filter may reject noise
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above 1000 Hz. A plot of filtered hypothetical pressures over timeis plotted in Fig. 206,
where the pressure oscillates between lower pressures 850 when outlet valve 3111 (Fig.
135) is closed and high pressures 851 when the outlet valve 3111 is open and flow is being
forced through the infusion line 3210 that is pressed against the pressure sensor 3535B. A
downstream occlusion may create greater flow resistance as fluid is pushed toward the
patient resulting in higher peak pressures and/or higher pressures when the outlet valve
3111 isclosed asthe restricted fluid slowly flows past a partial occlusion.

[00689] A first example of adownstream occlusion test compares the measured
change in minimum pressure (Pvin) of the current cycle to a constant value. If the change
in Pvin is greater than a predefined value, the controller will declare an occlusion. The
change in Pvini is the difference in the minimum pressure of the current pump cycleto the

minimum pressure of the previous pump cycle Puini-1 .

[00690] A downstream occlusion will be declared for cyclei, if /P mini exceeds a
first given threshold.
[00691] In another embodiment, the change in Puin is calculated as a difference

between the current change in Puin to the filtered change in Puin:
OP'wmini =f* OPmini + (1) * P wmiNia
COFPmini = CPming - CP MiNG-L.
wheref isthe weighting value for the newest data. In one example, the weighting value for
fis0.05. If OFPwmini isgreater than a second given threshold, the controller may declare an
occlusion for cyclei.
[00692] In another embodiment, a downstream occlusion is declared when the sum of
the changes in Puin exceeds a third given threshold, where the sum of the changesin Puin is
calculated as:
UIPmin = U UPmiNG - UPL

where [P istheinitia pressure minus the minimum pressure. If IPuin exceeds athird
given value, then the controller may declare an occlusion.
[00693] A forth example of a downstream occlusion test compares the maximum
pressure to a minimum pressure (Pvin) of the current pump cycle:

[Ppi =Pwmaxi - Pvminia
where Puax 1 is the maximum pressure during the delivery period 840. The controller may

declare adownstream occlusion if the [ 1Pp; exceeds aforth given threshold.
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[00694] In the event of a downstream occlusion, the controller may command the
pump to backflow fluid through the peristaltic pump 2990 in order to relieve the pressure on
the occlusion. It may be beneficia to relieve the pressure on the occlusion to avoid a bolus
of fluid to be directed to the patient when the occlusion isrelieved. In one example, the
occlusion may be cleared by unpinching or unkinking the infusion line 3210 between the
peristaltic pump 2990 and the patient.
Upstream Occlusion / Air-in-Line Measurement
[00695] The controller may detect an upstream occlusion or determine the volume of
air pumped toward the patient based on the measured volume per stroke and historical
volume per stroke average. The controller calculates an under-deliver volume for each
stroke Vupi as:
Vubi=Vaygi—Vi
Vagi =fv* Vi + (1-fv) * Vagi-1
where fv isaweighting factor for the volume and Vi is the volume of fluid pumped during
cyclei. The controller maintains a buffer of severa Vup vaues, dropping the oldest one as
the newest Vup is added. If the air-in-line detector 3545 (3066 in Fig 133) detects a bubble,
the controller will assumethe Vup i represents an air bubble. If the air-in-line detector 3545
does not detect air, then the Vup i is assumed to be under-delivered volume. The controller
may declare an upstream occlusion, if Vupi is greater than a given value the air-in-line
detector 3545 does not detect air. The controller may determine the volume of air pumped
toward the patient and may signal an alert if the air volume exceeds afirst value over afirst
time period and alarm if air volume exceeds a second value over a second time period. In
one example, the controller calculates the volume of the air bubble (VeugssLE) by summing
the under-deliver volumes (Vup i) for each stroke when the air-in-line detector 3545 signals
the presence of air and some number of Vup i before the first detection of air:
VeussLe= [ Vupi.
In one example, VeussLe is calculated for each stroke when the air-in-line detector 3545
signals the presence of air and the three Vup i before the first detection of air.
[00696] In an aternative embodiment, the controller calculates a under-deliver
volume for each stroke Vupi as:
Vupi=Vr-Vi
where Vt isthe nomina volume of one pump cycle that is stored in the controller. In this
alternative embodiment, the controller calculates the total volume of the air bubble
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(VeueeLE) by summing the under-deliver volumes (Vupi) for each stroke when the air-in-
line detector 3545 signals the presence of air and some number of Vup i before the first
detection of air:
VsuseLe= L (Vubi1—V upi)
OViupi =fv* Vupi + (1-fv) * Vupia

where [1V'upi isthefiltered value of Vup and fv is the weighting average. In one example,
VeugsLe is calculated for each stroke when the air-in-line detector 3545 signals the presence
of air and the three Vup i before the first detection of air.

In one embodiment, each bubble volume VsussLe is added to a buffer of bubble volumes
covering a set period of time and the sum of the bubble volumesin the buffer are evaluated
against astandard. If the sum of the bubble volumes exceeds a given threshold, then the
controller alarmsfor air in line. The controller may reverse the peristaltic pump 2990 to
pull the air back from the patient. In one example, the buffer captures the most recent 15
minutes of operation and the air volume threshold is set to a value between 50 and 1000 (1.
In one example, bubble volumes smaller than a given value may be counted in the
summation of the bubble volume. In one example, bubble volumes less than 10 (11 may be
ignored. Theair volume threshold may be user setable, or may be part of the DERS data
that is downloaded from the device server gateway. The DERS and device server gateway
are described in detail in the cross referenced non-provisional application for SY STEM,
METHOD, AND APPARATUS FOR ELECTRONIC PATIENT CARE (ATTORNEY
DOCKET NO. J85).

L eak Test

[00697] A leak is determined a the end of the pressurization period 835 by

monitoring the plunger 3091 position while the plunger L-shaped cam follower 3090 is not

resting on the plunger cam 3083 and the plunger tip 3091B is resting on the infusion line

3210. If the plunger 3091 moves by more than a given value over a given time indicating

that fluid has leaked past the valves 3101, 3111. In one embodiment, the peristaltic pump
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2990 is stopped for half a second every six seconds at the end of pressurization period 835
to monitor the plunger 3091 position to determine if a leak exists between the valves 3101,
3111.

State Diagram for Delivery of Fluid by the Peristaltic Pump

[00698] The state diagram for the software that controls the delivery of fluid is
pictured in Fig 207. The Déelivery Top State (capitalized phases herein may refer to
variables, processes, or data structures, etc. depending on context) is the SuperState for the
entire pump controller 3430 and comprises the Idle State and the Running State. The Idle
State is entered upon starting the pump controller 3430, completing a delivery, or
stopping/aborting a delivery. The Running State is the SuperState for al states that involve
actuating the motor 3072 or performing a delivery. The Running State also handles Freeze
commands.
[00699] The Delivery State is the SuperState for al states involving performing a
delivery. This state handles Stop commands, which had two behaviors depending on the
current state. If commanded during an active delivery the peristaltic pump 2990 will finish
delivery after current stroke is completed. If the peristaltic pump 2990 is currently in the
freeze state, it will immediately end the delivery.
[00700] The Start Deliver State signifies the beginning of a delivery cycle, or one
rotation of the cam shaft 3080. The peristaltic pump 2990 will transition to one of three
states depending on the current conditions. If enough time has elapsed since the previous
leak check, the Moving to Leak Check Position State is called. If the previous delivery was
frozen and aborted mid-stroke, the Moving to Plunger Down State is entered in order to
resume delivering where the previous delivery ended. Otherwise, the motor controller 3430
transitions to the Moving to Pressurized Position State.
[00701] The Moving to Leak Check Position State commands the motor controller
3430 to move to and hold position at the Valves Closed Plunger Down position. The motor
3072 velocity is commanded to move at 800° per second. Upon receiving notification that
the cam shaft 3080 has reached the desired position the Pressurized Position measurement is
taken for volume calculations and the Waiting for Leak Check Stateis called.
[00702] The Waiting for Leak Check State idles until a set amount of time has
elapsed, alowing the infusion line 3210 to settle and, in the case of aleak, fluid to escape
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the pumping chamber. Once the time has elapsed, the plunger 3091 position is measured
again and compared to the Pressurized Position in order to determine the presence of aleak
condition. The Fault Detector is told that the delivery stroke is starting in order to monitor
for air and occlusions and the Moving to Plunger Down Position State is called.
[00703] The Moving to Pressurized Position State commands the motor controller
3430 to move towards and send a notification upon reaching the Vaves Closed Plunger
Down position. It will continue to move upon reaching this position until anew command is
issued. The motor 3072 velocity is commanded to move at 800° per second.
[00704] Upon receiving notification that the cam shaft 3080 has reached the desired
position the Pressurized Position measurement is taken for volume calculations and the
Moving to Plunger Down Position State is called. The Fault Detector is told that the
delivery strokeis starting in order to monitor for air and occlusions.
[00705] The Moving to Plunger Down Position State controls the cam shaft 3080
position throughout the portion of the cam shaft 3080 rotation that the outlet valve 3111 is
open. The cam shaft 3080 position is controlled in such away as to attempt to keep the flow
as consistent as possible. During this state, the motor 3072 velocity is again limited to no
greater than the calculated Delivery Stroke Velocity. There are two paths by which the
motor controller 3430 can exit this state. In the first case, the state is notified once the cam
shaft 3080 reaches the Outlet Open Plunger Down position. Alternatively, if the total
delivery volume reaches the commanded volume during the stroke, the cam shaft 3080
position is frozen and the state is notified that the stroke is complete.
[00706] Upon being notified that cam shaft 3080 has reached the Outlet Open
Plunger Down position, the plunger 3091 position is stored as the Post Delivery Position
measurement and the Fault Detector is told that the delivery stroke is complete. Using this
measurement, the volume delivered is calculated (using the calibration in Section 3). If the
peristaltic pump 2990 was stopped mid-stroke, the volume delivered is estimated using the
current position and the fill volume. Using the updated delivery volume information, the
updated Delivery Stroke Velocity is calculated. Finaly, in the case where the delivery
volume has been reached, the peristaltic pump 2990 calls the End Deliver State. Otherwise
the Moving to Fill Position State is entered.
[00707] The Moving to Fill Position State commands the motor controller 3430 to
move towards and send a notification upon reaching the Inlet Vave Open Plunger Up
position (minus the Pre-Fill Window). It will continue to move upon reaching this position
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until a new command is issued. The motor 3072 velocity is commanded to move at the
calculated Delivery Stroke Veocity. Once the desired position is reached, the Moving
Through Fill Position State is called.

[00708] The Moving to Fill Position State commands the motor controller 3430 to
move towards and send a notification upon reaching the Inlet Vave Open Plunger Up
position (plus the Post-Fill Window). It will continue to move upon reaching this position
until a new command is issued. The motor 3072 velocity is commanded to move at the
calculated Refill Stroke Velocity (see Section 8.3). The Refill Stroke Velocity is calculated
upon entering this state prior to issuing a new motor 3072 command.

[00709] Once the desired position is reached, the End Deliver Stateis called.

[00710] The End Deliver State checks if the delivery volume has been attained or a
stop has been requested. If so, the motor controller 3430 enters the Idle State and the cam
shaft 3080 position is commanded to go to the Inlet Vave Open Plunger Up position.
Otherwise the Start Deliver Stateis called, and anew delivery cycle begins.

[00711] The Freeze State is called when the Running State processes a Freeze
command. The cam shaft 3080 position is frozen at its current position and the Fault
Detector and Volume Estimator are notified that the delivery if frozen.

[00712] If a Resume Delivery command is received while in the Freeze State, the
state machine is returned to the state which it was in prior to entering the Freeze State. The
Fault Detector and Volume Estimator are both informed that the delivery is resuming. If a
Stop Delivery command is received, the Idle State is called.

[00713] The Calibration State is the SuperState for the states involved in calibrating
the cam shaft 3080 and plunger 3091 positions.
[00714] The Finding Home State performs the cam shaft 3080 calibration. Entering

this state, the 1O Access class is notified that a calibration is beginning so certain sensor
protections can be turned off. The state receives a notification once the process is
completed. Upon receiving this notification, the calibration values are sent to the non-
volatile memory. Finaly, the Moving to Home State is called.

[00715] The Moving to Home State simply commands the peristaltic pump 2990 to
move to the Inlet Vave Open Plunger Up position. Upon reaching this position the
peristaltic pump 2990 returns to the Idle State.

[00716] Fig. 208 rates a possible state chart of the code to detect to detect a fault of
the peristaltic pump 2990 and Fig. 209 illustrates a occlusion detection state chart to detect
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an occlusion of the peristaltic pump 2990 in accordance with an embodiment of the present
disclosure. Fig. 210 shows a feedback control loop to control the speed the peristaltic pump
2990 motor 3072 in a peristaltic pump 2990 in accordance with an embodiment of the
present disclosure.

Softwar e Architecture
[00717] The software architecture of the peristaltic pump 2990 is shown
schematically in Fig 211. The software architecture divides the software into cooperating
subsystems that interact to carry out the required pumping action. The software may be
equally applicable to all the embodiments described herein. The software may also be used
for other pump embodiments which may not be described herein. Each subsystem may be
composed of one or more execution streams controlled by the underlying operating system.
Useful terms used in the art include operating system, subsystem, process, thread and task.
[00718] Asynchronous messages 4130 are used to ‘push’ information to the
destination task or process. The sender process or task does not get confirmation of message
delivery. Data delivered in this manner is typically repetitive in nature. If messages are
expected on a consistent schedule, the receiver process or task can detect a failure if a
message does not arrive on time.
[00719] Synchronous messages 4120 may be used to send a command to a task or
process, or to request (pull) information from a process or task. After sending the command
(or request), the originating task or process suspends execution while awaiting a response.
The response may contain the requested information, or may simply acknowledge the
receipt of the sent message. If a response is not received in a timely manner, the sending
process or task may time out. In such an event the sending process or task may resume
execution and/or may signal an error condition.
[00720] An operating system (OS) is a collection of software that manages computer
hardware resources and provides common services for computer programs. The operating
system acts as an intermediary between programs and the computer hardware. Although
some application code is executed directly by the hardware, the application code may
frequently make a system call to an OS function or be interrupted by it.
[00721] The RTP 3500 runs on a Real Time Operating System (RTOS) that has been
certified to a safety level for medical devices. An RTOS is a multitasking operating system
that aims at executing real-time applications. Real-time operating systems often use
specialized scheduling algorithms so that they can achieve a deterministic nature of
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behavior. The UIP 3600 runs on a Linux operating system. The Linux operating system is
aUnix-like computer operating system.
[00722] A subsystem is a collection of software (and perhaps hardware) assigned a
gpecific set of (related) system functionality. A subsystem has clearly defined
responsibilities and a clearly defined interface to other subsystems. A subsystem is an
architectural division of the software that uses one or more processes, threads or tasks.
[00723] A process is an independent executable running on a Linux operating system
which runs in its own virtual address space. The memory management hardware on the
CPU may be used to enforce the integrity and isolation of this memory, by write protecting
code-space, and disallowing data access outside of the process memory region. Processes
can only pass data to other processes using inter-process communication facilities.
[00724] In Linux, a thread is a separately scheduled, concurrent path of program
execution. On Linux, athread is aways associated with a process (which must have at least
one thread and can have multiple threads). Threads share the same memory space as its
‘parent’ process. Data can be directly shared among al of the threads belonging to a process
but care must be taken to properly synchronize access to shared items. Each thread has an
assigned execution priority.
[00725] A task on an RTOS (Real Time Operating System) is a separately scheduled,
concurrent path of program execution, analogous to a Linux ‘thread’. All tasks share the
same memory address space which consists of the entire CPU memory map. When using an
RTOS that provides memory protection, each task’s effective memory map is restricted by
the Memory Protection Unit (MPU) hardware to the common code space and the task’s
private data and stack space.
[00726] The processes on the UIP 3600, communicate via IPC calls as shown by the
one-way arrows in Fig. 211. Each solid-lined arrow represents a synchronous message
4120 call and response, and dotted-line arrows are asynchronous messages 4130. The tasks
on the RTP 3500 similarly communicate with each other. The RTP 3500 and UIP 3600 are
bridged by an asynchronous serial line 3601, with one of an InterComm Process 4110 or
InterComm Task 4210 on each side. The InterComm Process 4110 presents the same
communications APl (Application Programming Interface) on both sides of the bridge, so
all processes and tasks can use the same method calls to interact.
[00727] The Executive Process 4320 may be invoked by the Linux system startup
scripts after al of the operating system services have started. The Executive Process 4320
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may then start the various executable files that comprise the software on the UIP 3600. If
any of the software components should exit or fail unexpectedly, the Executive Process
4320 may be notified, and may generate the appropriate alarm.
[00728] While the system is running, the Executive Process 4320 may act as a
software ‘watchdog’ for various system components. After registering with the Executive
process 4320, a process may be required to ‘check in” or send a signal periodically to the
executive process 4320. Failureto ‘check in’ at the required interval may be detected by the
Executive Process 4320. Upon detection of a failled subsystem, the Executive Process 4320
may take remedia action of either: do nothing, declaring an alarm, or restarting the failed
process. The remedia action taken may be predetermined by atable entry compiled into the
Executive Process 4320. The ‘check-in’ interval may vary from process to process based in
part on the importance of the process. The check-in interva may also vary during
peristaltic pump 2990 operation to optimize the pump controller 4256 response by
minimizing computer processes. In one example embodiment, during tube loading, the
pump controller 4256 may check-in less frequently than during active pumping.
[00729] In response to the required check-in message, the Executive Process 4320
may return various system status items to processes that checked-in. The system status
items may be the status of one or more components on the pump and/or errors. The system
status items may include: battery status, WiFi connection status, device gateway connection
status, device status (Idle, Infusion Running, Diagnostic Mode, Error, Etc.), technical error
indications, and engineering log levels.
[00730] A thread running in the Executive Process 4320 may be used to read the state
of the battery 3420 from an internal monitor chip in the battery 3420. This may be done at a
relatively infrequent interval such as every 10 seconds.
[00731] The Ul View 4330 may implement the graphical user interface (GUI),
rendering the display graphics on the display screen 3725, and responding to inputs on the
touch-screen 3735 or other data input means. The Ul View 4330 design may be stateless.
The screen being displayed may be commanded by the Ul Model process 4340, along with
any variable data to be displayed. The commanded display is refreshed periodicaly
regardless of data changes.
[00732] The style and appearance of user input dialogs (Virtual keyboard, drop down
selection list, check box etc.) may be specified by the screen design, and implemented
entirely by the Ul View 4330. User input may be collected by the Ul View 4330, and sent to
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the Ul Model 4340 for interpretation. The Ul View 4330 may provide for multi-region,
multi-lingual support with facilities for the following list including but not limited to: virtual
keyboards, unicode strings, loadable fonts, right to left entry, trandlation facility (loadable
tranglation files), and configurable numbers and date formats.

[00733] The Ul Model 4340 may implement the screen flows, and so control the user
experience. The US Model 4340 may interact with the Ul View 4330, specifying the screen
to display, and supply any transient values to be displayed on the screen. Here screen
refers the image displayed on the physical display screen 3725 and the defined interactive
areas or user dialogs i.e. buttons, diders, keypads etc, on the touch screen 3735. The Ul
Model 4340 may interpret any user inputs sent from the Ul View 4330, and may either
update the values on the current screen, command a new screen, or pass the request to the
appropriate system service (i.e. ‘start pumping’ is passed to the RTP 3500).

[00734] When selecting a medication to infuse from the Drug Administration
Library, the Ul Model 4340 may interact with the Drug Administration Library stored in the
local data base which may be part of the Database System 4350. The user’s selections may
setup the run time configurations for programming and administering the desired
medi cation.

[00735] While the operator may be entering an infusion program, the Ul Model 4340
relays the user’ s input values to the Infusion Manager 4360 for validation and interpretation.
Therapeutic decisions may not be made by the Ul Model 4340. The treatment values may
be passed from the Infusion Manager 4360 to the Ul Model 4340 to the Ul View 4330 to be
displayed for the user.

[00736] The Ul Model 4340 may continuously monitor the device status gathered
from the Infusion Manager 4360 (current infusion progress, alerts, door sensor 3163 and
dlide clamp sensor 3152, etc.) for possible display by the Ul View 4330. Alerts/Alarms and
other changes in system state may provoke a screen change by the Ul Model 4340.

Additional Dosage Safety Software Algorithm(s)

[00737] The Infusion Manager Process (IM) 4360 may validate and control the

infusion delivered by the peristaltic pump 2990. To start an infusion, the user may interact

with the Ul View/Model 4330/4340 to select a specific medication and clinical use. This

specification may select one specific Drug Administration Library (DAL) entry for use. The
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IM 4360 may load this DAL entry from the database 4350, for use in validating and running
the infusion.
[00738] Once aDrug Administration Library entry is selected, the IM 4340 may pass
the dose mode, limits for all user enterable parameters, and the default values (if set) up to
the Ul Model 4340. Using this data, the Ul Model 4340 may guide the user in entering the
infusion program.
[00739] As each parameter is entered by the user, the value may be sent from the Ul
View/Model 4330/4340 to the IM 4360 for verification. The IM 4360 may echo the
parameters back to the Ul View/Model 4330/4340, along with an indication of the
parameter’ s conformance to the DAL limits. This may allow the Ul View/Model 4330/4340
to notify the user of any values that are out of bounds.
[00740] When a complete set of valid parameters has been entered, the IM 4360 may
also return a valid infusion indicator, allowing the Ul View/Model 4330/4340 to present a
‘Start’ control to the user.
[00741] The IM 4360 may simultaneously make the infusion/pump status available to
the Ul View/Model 4330/4340 upon request. If the Ul View/Model 4330/4340 is displaying
a‘status screen, it may request this data to populate it. The data may be a composite of the
infusion state, and the pump state.
[00742] When requested to run the (valid) infusion, the IM 4360 may pass the
‘Infusion Worksheet’ containing user specified data and the ‘Infusion Template' containing
the read-only limits from the DAL as a CRC’'d binary block to the Infusion Control Task
4220 running on the RTP 3500. The Infusion Control Task 4220 on the RTP 3500 may take
the same user inputs, conversions and DERS inputs and recal culate the Infusion Worksheet.
The Infusion Control Task 4220 calculated results may be stored in a second CRC'd binary
block and compared to the first binary block from the UIP 3600. The infusion calculations
performed on the UIP 3600 may be recalculated and double checked on the RTP 3500
before theinfusion is run.
[00743] Coefficients to convert the input values (i.e. [11, grams, %) to a standard unit
such as ml may be stored in the UIP 3600 memory or database system 4350. The
coefficients may be stored in a lookup table or at specific memory locations. The lookup
table may contain 10's of conversion values. In order to reduce the chance that flipping a
single bit will resulting in the wrong conversion factor being used, the addresses for the
conversion values may be distributed among the values from zero to 4294967296 or 2%,
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The addresses may be selected so that the binary form of one address is never just one bit
different from a second address.
[00744] While an infusion is running, the IM 4360 may monitor its progress,
sequences, pauses, restarts, secondary infusions, boluses and KVO (keep vein open)
scenarios as needed. Any user aerts requested during the infusion (Infusion near compl ete,
KVO calback, Secondary complete callback, etc) may be tracked and triggered by the IM
4360.
[00745] Processes on the UIP 3600 may communicate with each other via a
proprietary messaging scheme based on a message queue library that is available with
Linux. The system may provide for both acknowledged (synchronous message 4120) and
unacknowledged (asynchronous message 4130) message passing.
[00746] M essages destined for the Real-time Processor (RTP) 3500 may be passed to
the InterComm Process 4310 which may forward the messages to the RTP 3500 over a
seria link 3601. A similar InterComm Task 4210 on the RTP 3500 may relay the message
to itsintended destination viathe RTP 3500 messaging system.
[00747] The messaging scheme used on this seria link 3601 may provide for error
detection and retransmission of flawed messages. This may be needed to allow the system
to be less susceptible to electrical disturbances that may occasionally ‘garble’ inter-
pprocessor communi cations.
[00748] To maintain a consistent interface across all tasks, the message payloads
used with the messaging system may be data classes derived from a common baseclass
(MessageBase). This class adds both data identity (message type) and data integrity (CRC)
to messages.
[00749] The Audio Server Process 4370 may be used to render sounds on the system.
All user feedback sounds (key press beeps) and alarm or aert tones may be produced by
playing pre-recorded sound files. The sound system may also be used to play music or
speech if desired.
[00750] Sound requests may be symbolic (such as “Play High Priority Alarm
Sound”), with the actual sound file selection built into the Audio Server process 4370. The
ability to switch to an alternative soundscape may be provided. This ability may be used to
customize the sounds for regional or linguistic differences.
[00751] The Device Gateway Communication Manager Process (DGCM) 4380 may
manage communications with the Device Gateway Server over a Wi-Fi network 3620,
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3622,3720. The DGCM 4380 may be started and monitored by the Executive Process 4320.
If the DGCM 4380 exits unexpectedly, it may be restarted by the Executive Process 4320
but if the failures are persistent the system may continue to function without the gateway
running.

It may be the function of the DGCM 4380 to establish and maintain the Wi-Fi
connection and to then establish a connection to the Device Gateway. All interactions
between the DGCM 4380 and the Device Gateway may system such as the system
described in the cross-referenced nonprovisional application for System, Method, and
Apparatusfor Electronic Patient Car e (Attorney Docket No. J85).

[00752] If the connection to the gateway is unavailable or becomes unavailable, the
DGCM 4380 may discontinue any transfers in progress, and attempt to reconnect the link.
Transfers may be resumed when the link is reestablished. Network and Gateway operationa
states may be reported periodically to the Executive Process 4320. The Executive Process
4320 may distribute thisinformation for display to the user.

[00753] The DGCM 4380 may function as an autonomous subsystem, polling the
Device Gateway Server for updates, and downloading newer items when available. In
addition the DGCM 4380 may monitor the logging tables in the database, uploading new
log events as soon as they are available. Events that are successfully uploaded may be
flagged as such in the database. After a reconnection to the Device Gateway Server, the
DGCM 4380 may ‘catch up’ with the log uploads, sending all items that were entered
during the communications disruption. Firmware and Drug Administration Library updates
received from the Gateway may be staged in the UIP's 3600 file system for subsequent
instalation. Infusion programs, clinical advisories, patient identification and other data
items destined for the device may be staged in the database.

[00754] The DGCM 4380 may report connection status and date/time updates to the
Executive Process 4320. There may be no other direct connections between the DGCM
4380 and any of the other operational software. Such a design decouples the operational
software from the potentially transient availability of the Device Gateway and Wi-Fi
network.

[00755] The Motor Check 4383 software reads a hardware counter or encoder 3438
(Fig 325) that reports motor 3072 rotation. The software in this module independently
estimates the motor’s 3072 movements, and compares them to the expected motion based
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on the user inputs for rate of infusion. This is an independent check for proper motor
control. However, the primary motor control software may be executed on the RTP 3500.
[00756] Event information may be written to a log via the Logging Process 4386
during normal operation. These events may consist of internal machine status and
measurements, as well as therapy history events. Due to the volume and frequency of event
log data, these logging operations may be buffered in a FIFO gqueue while waiting to be
written to the database.

[00757] A SQL database (PostgreSQL) may be used to store the Drug Administration
Library, Loca Machine Settings, Infusion History and Machine Log data. Stored
procedures executed by the database server may be used to insul ate the application from the
internal database structures.

[00758] The database system 4350 may be used as a buffer for log data destined for
the Device Gateway server, aswell as a staging area for infusion settings and warnings sent
to the pump from the Gateway.

[00759] Upon requesting the start of an infusion, the DAL entry and all user selected
parameters may be sent to the Infusion Control Task 4220. All of the DAL validations and
a recaculation of the infusion rate and volume based upon the requested dose may be
performed. The result may be checked against the results calculated by the IM 4360 on the
UIP 3600. These results may be required to match to continue.

[00760] When running an infusion, the Infusion Control Task 4220 may control the
delivery of each infusion ‘segment’; i.e. one part of an infusion consisting of avolume and a
rate. Examples of segments are: a primary infusion, KVO, bolus, remainder of primary after
bolus, primary after titration, etc.

The infusion segments are sequenced by the IM Process 4360 on the UIP 3600.

[00761] The Pump Control task 4250 may incorporate the controllers that drive the
pumping mechanism. The desired pumping rate and amount (VTBI) may be specified in
commands sent from the Infusion Control Task 4220.

[00762] The Pump Control 4250 may receive periodic sensor readings from the
Sensor Task 4264. The new sensor readings may be used to determine the motor 3072 speed
and position, and to calculate the desired command to send to the Brushless Motor Control
IRQ 4262. The receipt of the sensor message may trigger a recalculation of the controller
output.
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[00763] While pumping fluid, the Pump Control Task 4250 may perform at least one
of the following tasks: controlling pumping speed, measuring volume delivered, measuring
air detected (over a rolling time window), measuring fluid pressure or other indications of
occlusions, and detecting upstream occlusions.

[00764] Relevant measurements may be reported to the RTP Status Task 4230
periodically. The Pump Control 4250 may execute one infusion segment at a time, stopping
when the commanded delivery volume has been reached. The Sensor Task 4264 may read
and aggregate the sensor data used for the dynamic control of the pumping system. The
sensor data may include the rotary encoder 3130 measuring the cam-shaft, the linear
encoders 3520, 3525 measuring the position of the plunger 3091.

[00765] The sensor task 4264 may be scheduled to run at a consistent 1 kHz rate
(every 1.0 ms) via a dedicated counter/timer. After all of the relevant sensors are read, the
data may be passed to the Pump Control Task 4250 via an asynchronous message 4120. The
periodic receipt of this message may be used as the master time base to synchronize the
peristaltic pump’s 2990 control loops.

[00766] The RTP Status Task 4230 may be the centra repository for both the state
and the status of the various tasks running on the RTP 3500. The RTP Status Task 4230
may distribute this information to both the IM 4360 running on the UIP 3600, as well as to
tasks on the RTP 3500 itself.

[00767] The RTP Status Task 4230 may also be charged with fluid accounting for the
ongoing infusion. Pump starts and stops, as well as pumping progress may be reported to
RTP Status 4230 by the Pump Control Task 4256. The RTP Status Task 4230 may account
for at least one of the following: total volume infused, primary volume delivered, primary
VTBI (counted down), volume delivered and VTBI of abolus while the bolusisin progress,

and volume delivered and VTBI of a secondary infusion while the secondary infusion is in

progress.
[00768] All aerts or alarms originating on the RTP 3500 may be funneled through
the RTP Status Task 4230, and subsequently passed up to the UIP 3600.

[00769] While the unit isin operation, the program flash, and RAM memory may be

continually tested by the Memory Checker Task 4240. This non-destructive test may be
scheduled so that the entire memory space on the RTP 3500 is tested every few hours.
Additional periodic checks may be scheduled under thistask if needed.

134°



10

15

20

25

30

[00770] Tasks running on the RTP 3500 may be required to communicate with each
other as well as to tasks that are executing on the UIP 3600.

[00771] The RTP messaging system may use a unified global addressing scheme to
allow messages to be passed to any task in the system. Local messages may be passed in
memory utilizing the facilities of the RTOS message passing, with off-chip messages
routed over the (asynchronous serial 3601) communications link by the InterComm Task
4210.

[00772] The InterComm Task 4210 may manage the RTP 3500 side of the serial link
3601 between the two processors. It is the RTP 3500 equivalent of the InterComm Process
4310 on the UIP 3600. Messages received from the UIP 3600 may be relayed to ther
destination on the RTP 3500. Outbound messages may be forwarded to InterComm Process
4310 on the UIP 3600.

[00773] All messages between the RTP 3500 and the UIP 3600 may be checked for
data corruption using an error-detecting code (32 bit CRC). Messages sent over the seria
link 3601 may be re-sent if corruption is detected. This provides a communications system
that may be reasonably tolerant to ESD. Corrupted messages within the processor between
processes may be handled as a hard system failure. All of the message payloads used with
the messaging system may be data classes derived from a common baseclass
(MessageBase) to assure consistency across all possible message destinations.

[00774] Brushless Motor control 4262 may not run as a task; it may be implemented
as a dtrict foreground (interrupt context) process. Interrupts may be generated from the
commutator or hall sensors 3436, and the commutation algorithm may be run entirely in the
interrupt service routine.

[00775] Various aternatives and modifications can be devised by those skilled in the
art without departing from the disclosure. Accordingly, the present disclosure is intended to
embrace all such alternatives, modifications and variances. Additionally, while several
embodiments of the present disclosure have been shown in the drawings and/or discussed
herein, it is not intended that the disclosure be limited thereto, as it is intended that the
disclosure be as broad in scope as the art will alow and that the specification be read
likewise. Therefore, the above description should not be construed as limiting, but merely
as exemplifications of particular embodiments. And, those skilled in the art will envision
other modifications within the scope and spirit of the clams appended hereto. Other
elements, steps, methods and techniques that are insubstantially different from those
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described above and/or in the appended claims are aso intended to be within the scope of
the disclosure.

[00776] The embodiments shown in the drawings are presented only to demonstrate
certain examples of the disclosure. And, the drawings described are only illustrative and are
non-limiting. In the drawings, for illustrative purposes, the size of some of the elements may
be exaggerated and not drawn to a particular scale. Additionaly, elements shown within
the drawings that have the same numbers may be identical elements or may be similar
elements, depending on the context.

[00777] Where the term "comprising” is used in the present description and claims, it
does not exclude other elements or steps. Where an indefinite or definite article is used
when referring to asingular noun, e.g., "a," "an,” or "the,” thisincludes a plural of that noun
unless something otherwise is specifically stated. Hence, the term "comprising” should not
be interpreted as being restricted to the items listed thereafter; it does not exclude other
elements or steps, and so the scope of the expression "a device comprising items A and B"
should not be limited to devices consisting only of components A and B. This expression
signifies that, with respect to the present disclosure, the only relevant components of the
deviceare A and B.

[00778] Furthermore, the terms "first,” "second,” "third,” and the like, whether used
in the description or in the claims, are provided for distinguishing between similar elements
and not necessarily for describing a sequentia or chronological order. It is to be understood
that the terms so used are interchangeable under appropriate circumstances (unless clearly
disclosed otherwise) and that the embodiments of the disclosure described herein are
capable of operation in other sequences and/or arrangements than are described or
illustrated herein.
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