WO 2012/006137 PCT/US2011/042288

INFUSION PUMP WITH TUBE MEASUREMENT TECHNIQUE USING LINEAR ACTUATOR AND PRESSURE
SENSOR

BACKGROUND

[0001] The field of the present disclosure is infusion pumps and relates generally to
systems, apparatuses, and methods for pumping or infusing volumes of medical fluids to a
patient, typically via an intravenous route.

[0002] Infusion pumps are used to infuse drugs and liquids into patients, typically via
intravenous lines. While some infusion pumps pump relatively large volumes, there is an
emphasis in the industry for pumps with the capability of precisely delivering small
controlled volumes of liquid. Here, the drugs pumped may be very critical to the patient,
such as analgesics, anesthetics including opiates, anti-inflammatory agents, insulin, anti-
spasmodic drugs, antibiotics, chemotherapy agents, cardiovascular drugs, and the like. Many
of these drugs are needed in very low doses on a continuous basis, so that the patient receives
a steady, reliable stream over a longer period of time, such as 0.1 ml per hour. Drug pulses
may also be used, in which the dosage rate can be measured in terms of nanoliters or
microliters per pulse or bolus. In any case, the accuracy of the pump is important to a
successful outcome for the patient.

[0003] Some infusion pumps have, along the length of tubing, a pumping chamber
having an inlet valve and an outlet valve. The infusion fluid is admitted into a length of
tubing in the pumping chamber through an opened inlet valve and then isolated by occluding
the tube by closing the inlet valve at an inlet of the pump chamber. The outlet valve is then
opened and a pumping mechanism compresses the length of tubing in question to pump or
expel the fluid from the pumping chamber and towards the patient. Since the inlet is blocked
by the closed inlet valve, the liquid can only exit through the outlet of the pumping chamber,
through an open outlet valve. The outlet valve is then closed, completing a single pumping
cycle or stroke. The inlet valve and pumping mechanism are opened to permit additional
fluid to enter the pumping chamber from a fluid source in a next stroke and so on.

[0004] The pumping mechanism can comprise a single pumping member that
compresses the tube against a stationary block or platen. Alternatively, the pumping
mechanism may comprise a plurality of pumping fingers or members that compress the tube
in sequence. In this instance, particularly if there are sufficient pumping fingers, such that at
least one is compressing the tube at all times, there may be no need for an inlet and/or outlet

valve.
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[0005] The accuracy of the overall infusion is dependent upon the accuracy of each
pumping cycle. It is therefore important to know accurately the volume of fluid pumped with
each pumping cycle and to know the volume of the entire infusion over time. The volume of
cach pumping cycle is dependent upon factors such as the tube’s internal diameter and the
tube’s wall thickness. A problem arises due to the variability of internal diameter and wall
thickness from tube to tube. This variability is due to, for example, manufacturing processes
and tolerances. It would be helpful to provide an infusion pump capable of determining, or
measuring the internal diameter and/or wall thickness of the specific IV tube being used for a
specific infusion.

SUMMARY

[0006] The present disclosure sets forth two primary embodiments for accurately
determining the wall thickness of a tubing set loaded into an infusion pump. Knowing the
tubing thickness is important to the accurate delivery of a desired volume of a drug to the
patient. Based on the tubing wall thickness, the pump can adjust the functionality of the
pumping mechanism (speed and stroke length of the pumping mechanism) to ensure and
maintain pumped fluid volume accuracy regardless of variances in the tubing thickness or
inner diameter. Additionally, the pump can use this information to avoid overly compressing
the tube (decreasing tube life due to overstressing) and under compressing the tube (leading
to inaccuracies and inefficiencies). The embodiments discussed herein are also financially
beneficial because they obtain the wall tubing information without major structural
adjustments to the infusion pump.

[0007] In one primary embodiment, the tubing thickness is determined by counting
encoder pulse counts on a linear actuator as the actuator compresses a tube between two
platens of a pump. A motor applies a constant current to the linear actuator until fully
compressing the tube. The number of encoder pulses counted until full compression occurs is
used to determine the distance traveled by the linear actuator, which is in turn used to
determine the thickness of a tube. The constant current applied by the motor is sufficient to
compress fully the tube without elastically compressing the tube wall.

[0008] In this embodiment, one platen is stationary and one is movable. Moreover,
the rate of new encoder pulses decreases and the motor’s current increases as the tube
approaches full compression, with full compression occurring when no new encoder pulse

counts arc generated.
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[0009] Based on the determined tube thickness, a pump controller can adjust at least
one parameter of the pump including, for example, pump volume, pump speed, and pump
stroke length.

[0010] In another primary embodiment, the tubing thickness is determined by
measuring the force that the tube exerts on one or more pressure sensors based on zero gas
pressure, a known gas pressure, or range of gas pressures, applied to an inside of the tubing.
The principle of operation in this embodiment is that for a given pressure, or no pressure, less
force will be exerted by a thinner-walled tube on a force or pressure transducer contacting an
outside surface of the tube than by a thicker-walled tube.

[0011] In this embodiment, a tube is loaded into the pump with the pump pressure
sensors contacting the tube’s outside wall. The force imparted by the tube outer wall on the
pressure sensor can be recorded at 0 psig, before any positive gas pressure is applied to the
interior of the tube. This force value is compared with a group of force values, each of which
corresponds to a tube of known thickness. Based on this comparison, one can determine the
relative thickness of the tube.

[0012] Alternatively both ends of the tube can be closed to allow applied gas to build
pressure on the inside of the tube. The force imparted by the tube outer wall on the pressure
sensor can be recorded on a single, desired positive gas pressure applied to the interior of the
tube. This force value is compared with a group of force values, each of which corresponds
to a tube of known thickness. Based on this comparison, one can determine the relative
thickness of the tube.

[0013] In another alternative embodiment, gas pressure can be in the form of a
pressure sweep applied to interior of the tube with force values recorded from the pressure
sensor at step-wise increments during the pressure sweep. These incremental force values are
plotted and compared against a group of predetermined sensor plots to determine the
thickness of the tube, with each sensor plot corresponding to a tube of known thickness.

[0014] It is accordingly an advantage of the present disclosure to provide a system
and method for compensating for tubing manufacturing variations in determining medical
fluid volume pumped via a tubing pump.

[0015] It is yet another advantage of the present disclosure to provide a method for
identifying a tube’s thickness with the existing structure of an infusion pump.

[0016] It is a further advantage of the present disclosure to provide a method for

varying parameters of a pump to increase pump accuracy.
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[0017] Additional features and advantages are described herein, and will be apparent

from the following Detailed Description and the figures.
BRIEF DESCRIPTION OF THE FIGURES

[0018] FIG. 1 is a schematic view of a valve and medical flow arrangement for a
medical fluid pump and linear actuators and associated valves of the present disclosure.

[0019] FIG. 2 is an elevation view of a shuttle-type infusion pump having a tubing
measurement system and method of the present disclosure.

[0020] FIGS. 3A and 3B are side views illustrating one tubing measurement system
and method embodiment of the present disclosure.

[0021] FIG. 4 is a partial cross-sectional view illustrating another tubing
measurement system and method embodiment of the present disclosure.

[0022] FIG. 5 is a graph illustrating force values taken from a force sensor for
different tubings across a pressure sweep recorded to identify specific wall thicknesses based

on the tubing measurement system and method embodiment of FIG. 4.
DETAILED DESCRIPTION

[0023] Referring now to the drawings and in particular to FIG. 1, a schematic
illustration of infusion pump 10 is illustrated. Pump 10 pumps a drug or medicament from a
supply 70, through a tube 16, to a patient 80, via a patient catheter or cannula 82. Tube 16 as
illustrated is loaded into infusion pump 10, so that the pump can pull fluid from supply 70
and move the fluid in a controlled manner through tube 16, via catheter or cannula 82, to
patient 80. Infusion pump 10 includes a logic implementer or control unit 100. Control unit
100 includes one or more processors, such as supervisory processor that controls one or more
delegate processors, which in turn controls various aspects of infusion pump 10. Control unit
100, for example, can employ a safety or monitoring processor, which ensures that the
supervisory processors and delegate control processors are operating properly. The
processors operate with one or more memories, which is also part of control unit 100. As
shown, control unit 100 operates with or controls a user interface 110. User interface 110
displays information to the patient or operator and allows the patient or operator to enter
information from the user interface into control unit 100. To that end, user interface 110 can
operate with a touch screen overlay or with one or more electromechanical input devices,

such as a membrane switch.
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[0024] User interface 110 enables the operator to command controller 100 to control
infusion pump 10 so as to run: (i) a continuous mode in which pump 10 delivers liquid via
tubing 16 to achieve a desired volume at a single flow rate; (ii) an auto-ramp mode in which
infusion pump 10 delivers liquid from supply 70 at a rate that gradually increases to a
threshold, remains at the threshold rate for a prescribed time, and then gradually decreases;
(iii) an intermediate mode in which infusion pump 10 delivers discrete liquid volumes spaced
over relatively long periods of time, such as a bolus or volume every three hours; (iv) a
custom mode in which infusion pump 10 delivers a unique infusion rate at different time
intervals; and (v) a pain-controlled analgesic (“PCA”) mode during which patient 80 presses
a button causing infusion pump 10 to periodically infuse a bolus of analgesic into the patient.

[0025] Referring now to FIG. 2, a pumping portion of the shuttle-type infusion pump
10 of FIG.1 is illustrated in more detail. Infusion pump 10 includes tube 16, an inlet valve
52, an outlet valve 53, and a shuttle portion 50 having an upper platen 12 and a lower platen
14. Lower platen 14 is parallel to the upper moving platen 12 in the illustrated embodiment.
Tube 16 is typically polyvinyl chloride (“PVC”), but may also be made, for example, from
polyethylene, polypropylene, another medically acceptable plastic, or a combination of these.
Valves 52 and 53 and the shuttle portion 50 are actuated by linear actuators 54a to 54c,
respectively. Control unit 100, which again may include multiple processors, such as a
supervisory processor, delegate processor, and a safety processor (not shown), controls linear
actuators 54a to 54c. That is, the processor, interfacing directly with linear actuators 54a to
54c¢, may receive commands from a supervisory processor and command actuators 54a to 54c
accordingly.

[0026] To pump fluid, actuator 54a opens inlet valve 52. Actuator 54b closes outlet
valve 53 and actuator 54c retracts movable platen 12, allowing tube 16 to open to receive a
liquid medication, e.g., via gravity. This first pump-in position of the infusion pump with
opened inlet valve 52 and closed outlet valve 53 is illustrated in FIG. 2. Actuators 54a and
54b then cause the states of valves 52 and 53 to reverse, respectively to a second pump-out
position, and actuator 54c¢ pushes platen 12 towards platen 14 to compress tube 16, dispelling
the volume of fluid that just filled tubing 16 between platens 12 and 14.

[0027] As also illustrated in FIG. 2, a sensor, including a transmitter 18 and a receiver
19 (e.g., radio frequency sensor pair), is imbedded into moving platen 12 and stationary
platen 14. The transmitter 18 can be attached to moving platen 12, while the receiver 19 is in
turn attached to stationary platen 14. In use, as the shuttle moving platen 12 closes tube 16 to

pump the liquid to be infused into the patient, the transmitter 18 and receiver 19 respectively
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send and receive signals and detect the distance between the transmitter/receiver pair as
discussed below. At the same time, a sensor array 24, which is comprised of multiple (e.g.,
proximity) sensors, can be used to detect the length of the tubing segment in contact with
platens 12 and 14. In this manner, sensor pair 18, 19 and sensor array 24 detects and
measures the tubing compression distance and contact length, which are sent to control unit
100 to calculate a volume of solution actually pumped. This sensing can be repeated for each
pump stroke. Pump controller 100 then integrates the determined volumes to adjust the
frequency and/or distance of movement of moving platen 12 to ensure accuracy.

[0028] It should be understood that sensor pair 18, 19 and sensor array 24 can have
different arrangements and configurations than what is illustrated in FIG. 2. Moreover,
sensor pair 18, 19 and sensor array 24 can provide information other than tubing compression
distance and contact length as described above. For example, sensor pair 18, 19 can be
replaced with a pressure sensor, as will be described below, for measuring a force imparted
by tubing 16 onto on platens 12 and 14.

[0029] Referring now to FIG. 3A, in one primary embodiment for determining tubing
wall thickness, shuttle portion 50 of infusion pump 10 of FIG. 2 is shown from a longitudinal
end and includes lower stationary platen 14 and the upper, moving platen 12, which operate
to compress and decompress tube 16. Linear actuator 20 in the illustrated embodiment
includes an encoder 22 mounted on a motor 21. For example, motor 21 can be a stepper
motor or servomotor that is linked to a ball screw or lead screw that transfers rotational
motion of the motor to translational motion that carries movable platen 12 towards or away
from stationary platen 14. The ball screw has a lead, which is the distance a nut threaded to
the lead screw (and attached to platen 12) travels per one revolution of the screw. For
example, the lead may be such that one revolution of the shaft of motor 21, and thus the ball
screw, results in platen 12 moving 0.1 inch.

[0030] The encoder can include a radially spaced apart series of slits that create
pulses of light between a light source and a light receiver. If, for example, the encoder
includes one hundred slits, the encoder creates one hundred pulses per revolution, that is,
turns 1% of a full revolution per pulse. The 0.01 turn per pulse multiplied by 0.1 inches per
turn yields 0.001 inches per pulse. Counting pulses (or counts) thus yields a very precise
measurement of how far platen 12 has moved towards or away from platen 14.

[0031] Motor 21 and encoder 22 are connected to control unit 100, shown in FIGS. 1
and 2, to provide positional information that control unit 100 uses to convert to tube thickness

values as discussed below. Control unit 100 controls motor 21 and records data from encoder
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22 regarding the angular position of the shaft of motor 21 and converts that rotational
position, or change in rotational position, into an accurate calculation of the change in
translational position of linear actuator 20 and the distance traveled by platen 12. Beginning
from a known position, which can be known from a home position sensor 23, such as a
proximity sensor, the travel and position of platen 12 can be determined at any time using the
information from the encoder (encoder counts), and tracking and recording distance “d” (see
FIG. 3A) over many discrete time segments during the compression or expansion of tube 16.

[0032] FIGS. 3A and 3B illustrate one embodiment for determining tube wall
thickness. In FIG. 3A, tube 16 is placed between platens 12, 14 of shuttle portion 50 of
infusion pump 10, prior to any compression of tube 16. Prior to compression, tube 16 has a
wall thickness “t” when placed initially between platens 12, 14, where “d” is the distance
between the upper and lower platens 12 and 14.

[0033] When the movable platen 12 is closed, tube 16 is compressed. When
moveable platen 12 is completely lowered, as shown in FIG. 3B, tube 16 is compressed such
that platens 12, 14 are separated by only tube 16 itself, and the distance “d” is twice the
thickness “t” of the tubing wall.

[0034] As discussed above, once the distance “d” between platens 12, 14 is
approximately equal to 2t, or two times the tube thickness, linear actuator 20 can no longer
advance platen 12 toward platen 14. As distance “d” approaches a value approximately equal
to twice the thickness “t” of the tubing wall, the rate at which encoder 22 generates new
encoder pulses will lessen. Control unit 100 will record this lessening rate, thereby providing
an indication that tube 16 is nearing full compression. Once linear actuator 20 can move no
further, the shaft position of motor 21 also cannot change and the linear actuator stops. At
this point, control unit 100 senses a rise in current from motor 21 indicating that tube 16 is
compressed fully and encoder 22 stops generating new encoder pulses. The total number of
encoder counts recorded from initiation of the linear actuator to the stopping of the linear
actuator represents the distance traveled by the linear actuator.

[0035] In one embodiment, control unit 100 is configured to provide a constant
current to motor 21, such that platen 12 in turn applies a constant force to tubing 16. The
level of current is chosen to ensure that tubing 16 in FIG. 3B becomes compressed
completely in terms of removing all air or gas between the contacting tubing walls, but such
that the thickness of the wall of tubing 16 does not become clastically compressed, yielding a

falsely thinner wall thickness.
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[0036] To identify the thickness of a specific tubing using total encoder counts, the
above procedure, illustrated in FIGS. 3A and 3B, is performed for numerous different tubes
of known thickness. Based on the encoder count values associated with each tube of known
thickness, one can identify the unknown thickness of tube 16 by compressing tube 16,
measuring the total encoder counts after linear actuator 20 stops, and comparing that value to
the gathered encoder count data for the tubes of known thicknesses.

[0037] As shown in Table 1 below, a low thickness tubing (“LL”), a medium
thickness tubing (“NOM”) and a high thickness tubing (“HH”) were selected and tested
according to the system and method above to ensure the occurrence and repeatability of the
above procedures. Each tube was divided into multiple sections, with each section tested

twice using the process described above to gather encoder count data.

TABLE 1

Summary Load Section 1 | Section 2 | Section 3 | Section4 | Section5 | Average
Tube 1 HH Ist 4108.3 4073.1 43479 4054.8 3959.9 4386.7
Tube 1 HH 2nd 3951.8 41423 3798.6 3883.9 4048.6
Tube 2 HH Ist 4942 4979.11 | 4987.667
Tube 2 HH 2nd 4991.333 | 4952.556 | 4965.333
Tube 1 NOM Ist 5114.9 51309 5136.6 51324 5133 5128.7
Tube 1 NOM 2nd 5131 5100.5 5139 5147.8
Tube 2 NOM Ist 5132.11 | 5116.22 | 5141.33
Tube 2 NOM 2nd 5136.556 5106 5132.889
Tube 1 LL Ist 5151.6 5161.8 5160.1 5158.5 5177 5168.8
Tube 1 LL 2nd 51164 5229 5054.6 5169.3 51503
Tube 2 LL Ist 5141.44 | 5157.667 5156
Tube 2 LL 2nd 5242.778 | 5142.778 5230

[0038] Based on the average

encoder count information gathered for each tube

sample, it is apparent that the greater the encoder count, the less thick the specific tubing
tested. Referring to Table 1 above, the average encoder counts for HH, NOM and LL are
4386.7, 5128.7 and 5168.8, respectively. The thicker tube therefore provides a lower encoder
count due to a shorter distance “d” traveled by movable platen 12 from a starting position,
which corresponds to home position sensor 23, to a final position where tube 16 is fully
compressed. Moreover, as stated above, by comparing these average encoder count values to
the encoder values of the tubes of known thickness, one can identify the specific thickness of
the tubes HH, NOM and LL. Based on the determined thickness of tube 16, control unit 100
can adjust parameters of infusion pump 10 including, for example, pump volume, pump

speed and stroke length, which will vary as tube thickness varies.
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[0039] FIG. 4 illustrates another primary embodiment for determining tube thickness.
Here, tubing 16 is loaded between platens 12 and 14, and the resulting force applied by the
outside of tubing 16 to platens 12 and 14 is measured. Alternatively, the inside of tubing 16
1s pressurized with a gas, and the resulting force applied by the outside of tubing 16 to platens
12 and 14 is measured. In either case, the thicker the tubing, the more force that is
transferred. In FIG. 4, tube 16 is placed again between platens 12, 14 of the infusion pump.
Platen 12 does not need to be moved in this embodiment. Each platen 12 and 14 includes a
force or pressure sensor 24a, 24b on its respective face that contacts tube 16. One suitable
pressure sensor is provided by Honeywell, Model No. FSLOSN2C. It should be understood
that pressure sensors 24a, 24b can be located alternatively on a single platen 12 or 14 rather
than split onto both platens 12 and 14 as is illustrated.

[0040] FIG. 4 also illustrates a pressurized gas source 60 connected fluidly to a port
62, wherein flow from a gas source 60 to nozzle 62 is controlled via a gas flow controller 64.
The gas may be, for example, compressed nitrogen, air or other compressed gas supply
provided at a hospital. Gas controller 64, for example, may be an electronically controlled
pressure regulator that is opened and closed as needed by pump control unit 100. Gas flow
controller 64 creates a desired downstream pressure inside tubing 16. An electrically or
manually controlled shut-off valve 65 may be provided alternatively or additionally.
Although not shown, one or more pressure gauges for reading pressure in the gas line may be
provided.

[0041] In one alternative embodiment, gas source 60 is a cylinder of compressed gas,
which is connected to infusion pump 10. In a further embodiment, gas source 60 is instead
an air pump within pump 10 that control unit 100 powers when called upon to pressurize tube
16. In any case, pump 10 houses gas regulator 64 and valve 65, which selectively allow
pressurized gas to flow through port 62 into tube 16.

[0042] In operation, the nurse or practitioner loads a tube 16 between platens 12 and
14 of a pump 10. At this point, a 0 psig internal pressure exists on the inside of tube 16.
However, tube 16 still imparts a force that is recorded by sensors 24a and 24b. The force
value represents the amount of force tube 16 imparts on the walls of platens 12 and 14, which
control unit 100 can use to compute a tube thickness as will be discussed below with
reference to FIG. 5.

[0043] Alternatively, the nurse or practitioner can connect a cap 66 of tube 16 to port
62 of gas source 60 to establish gas communication. Inlet end of tube 16 is clamped via

pinch valve 52, while catheter 82 end of tube 16 is clamped via manual clamp 68 to create a
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sealed tubing volume. Gas source 60 then injects air through port 62 into an interior 17 of
tube 16, which can be in the form of a single pressure or a pressure sweep.

[0044] In the case of a single pressure, control unit 100 controls regulator 64 and
valve 65 to inject gas into interior 17 of tube 16 at, for example, a single pressure. Sensors
24a and 24b then record a force value representing the amount of force that tube 16 imparts
on the walls of platens 12, 14. Control unit 100 uses the force value to compute a tube
thickness as will be discussed below with reference to FIG. 5.

[0045] In the case of a pressure sweep, control unit 100 controls regulator 64 and
valve 65 to inject gas into interior 17 of tube 16 at step-wise rising pressures from a minimum
value to a maximum value. At the specific pressure increments during this pressure sweep,
sensors 24a and 24b record a force value representing the amount of force that tube 16
imparts on the walls of platens 12, 14. Upon completing the pressure sweep, control unit 100
uses the force values to compute a tube thickness as will be discussed below with reference to
FIG. 5.

[0046] FIG. 5 illustrates pressure sweeps taken for various tubings, particularly a low
thickness tubing (“LL”), a normal thickness tubing (“NOM”) and a high thickness tubing
(“HH”). Multiple samples of each size tube were inserted between platens 12 and 14 of
infusion pump 10, with each tube having one end clamped and the interior of the tube
injected with a gas through the open end of the tube. The gas was injected at controlled
levels up to 20 psig, with force values recorded at every 1-psig increment starting at 0 psig
before any gas injection. These values were plotted on the line chart of FIG. 5. Pressure
sweeps can have higher maximum values of 25 psig or even higher as necessary. The
defined pressure increments for recording force values can also vary as necessary to gather
enough data to plot against the associated force values.

[0047] As is apparent from FIG. 5, very little variability exists between the different
sample tubes having the same thickness. However, a clear offset is observed between tubing
thicknesses, with HH tubes returning significantly greater force values than LL tubes or even
NOM tubes. Based on this chart, one could identify a high thickness tube versus a normal
thickness tube versus a low thickness tube. Further, as discussed above, by comparing a
single plotted force value against plotted force values of tubes of known thickness, pump 10
can automatically identify the specific type of thickness tube HH, NOM and LL that has been
inserted into pump 10.

[0048] To identify tube thickness without gas injection, FIG. 5 illustrates that, at 0

psig, LL tube has a force range from approximately 14 to 15 mV, NOM tube has a force
10
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range from approximately 16 to 17 mV, and an HH tube has a force range from
approximately 18 to 19 mV. Therefore, even at 0 psig, different tube thicknesses impart
different forces such that one can distinguish between the tubes and, as a result, determine
tube thickness.

[0049] When determining tube thickness using a single gas pressure, gas flow
controller 64 would not have to be an electrically variable type and could instead be set, e.g.,
manually, to yield a set test pressure. For example, FIG. 5 shows that, at 15 psig, an LL tube
has a force range from approximately 18 to 19 mV, NOM tube has an initial force range of 20
to 21 mV and HH has an initial force range between 22 to 23 mV. Given the known ranges
illustrated in FIG. 5, if a tube of unknown thickness type is inserted between platens 12 and
14, pump 10 can determine the thickness type of the tube if the force value of tube 16 is
within the ranges described above at the single, desired positive pressure of 15 psig.

[0050] When determining tube thickness using a sweep of pressures, the
corresponding force values can be plotted to form a resulting line of points, which pump 10
can compare to predetermined lines of points such as, for example, the lines for LL, NOM
and HH tubes of known thickness. Pump 10 can determine the thickness type of the tube if
the force values, from the pressure sweep of tube 16, are within any of the plotted pressure
sweeps illustrated in FIG. 5.

Aspects of the Present Disclosure

[0051] Aspects of the subject matter described herein may be useful alone or in
combination one or more other aspect described herein. Without limiting the foregoing
description, in a first aspect of the present disclosure, a method of measuring tube thickness
includes: loading a tube between a stationary member and a movable member; compressing
the tube between the stationary member and the movable member; receiving a signal
indicative of an amount of compression of the tube while compressing the tube; determining
from the signal that the tube is fully compressed and stopping the compressing of the tube
once the tube is fully compressed; and determining a thickness of the tube based on the signal
received indicating full compression.

[0052] In accordance with a second aspect of the present disclosure, which may be
used in combination with the first aspect, the stationary member and the movable member are

part of an infusion pump.

11



WO 2012/006137 PCT/US2011/042288

[0053] In accordance with a third aspect of the present disclosure, which may be used
in combination with any one or more of the preceding aspects, receiving the signal includes
counting encoder pulses.

[0054] In accordance with a fourth aspect of the present disclosure, which may be
used in combination with the third aspect, determining that the tube is fully compressed
includes determining that no new encoder pulses are being generated.

[0055] In accordance with a fifth aspect of the present disclosure, which may be used
in combination with the third aspect, determining that the tube is fully compressed includes
determining a rate at which new encoder pulses have lessened.

[0056] In accordance with a sixth aspect of the present disclosure, which may be used
in combination with any one or more of the preceding aspects, compressing the tube includes
providing a constant current to a motor sufficient to allow the tube to be fully compressed
without elastically compressing the tube.

[0057] In accordance with a seventh aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects, receiving the signal
includes receiving a current draw signal and determining that the tubing is fully compressed
includes sensing a current rise.

[0058] In accordance with an eighth aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects, the method further
includes setting at least one infusion pump parameter based upon the determined tube
thickness.

[0059] In accordance with a ninth aspect of the present disclosure, which may be used
in combination with any one or more of the preceding aspects, a method of measuring tube
thickness includes: providing a fixture having a loading portion and a pressure sensor, the
pressure sensor located on a wall of the loading portion; loading a tube into the loading
portion such that the tube imparts a force on the pressure sensor that contacts an outside wall
of the tube; recording the force imparted on the pressure sensor by the outside wall of the
tube; and determining the thickness of the tube based on the force imparted by the tube on the
pressure sensor.

[0060] In accordance with a tenth aspect of the present disclosure, which may be used
in combination with any one or more of the preceding aspects in combination with the ninth
aspect, the step of determining the thickness of the tube includes comparing the force
imparted by the tube with a plurality of force values, each force value corresponding to a

specific tube having a predetermined thickness.
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[0061] In accordance with an eleventh aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects in combination with the
ninth aspect, the thickness of the tube is determined as a relative thickness selected from the
group consisting of low tube thickness, moderate tube thickness and high tube thickness.

[0062] In accordance with a twelfth aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects in combination with the
ninth aspect, the fixture is an infusion pump.

[0063] In accordance with a thirteenth aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects in combination with the
ninth aspect, the method further includes applying a positive pressure to the interior of the
tube.

[0064] In accordance with a fourteenth aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects, a method of measuring
tube thickness includes: providing a fixture having a loading portion and a sensor, the sensor
located on a wall of the loading portion; loading a tube into the loading portion, wherein the
sensor contacts an outside wall of the tube; applying a pressure sweep to the interior of the
tube, wherein the pressure sweep starts at a minimum value and ends at a maximum value;
recording a plurality of output values from the sensor, each output value recorded at step-
wise increments during the pressure sweep; and determining the thickness of the tube based
on the output values recorded during the pressure sweep.

[0065] In accordance with a fifteenth aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects in combination with the
fourteenth aspect, the method further includes closing both ends of the tube before applying
the pressure sweep to the tube.

[0066] In accordance with a sixteenth aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects in combination with the
fourteenth aspect, the minimum value is zero psig.

[0067] In accordance with a seventeenth aspect of the present disclosure, which may
be used in combination with any one or more of the preceding aspects in combination with
the fourteenth aspect, the maximum value is 25 psig.

[0068] In accordance with an eighteenth aspect of the present disclosure, which may
be used in combination with any one or more of the preceding aspects in combination with
the fourteenth aspect, the step-wise increments are at every one psig during the pressure
sweep.
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[0069] In accordance with a nineteenth aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects in combination with the
fourteenth aspect, the fixture is an infusion pump.

[0070] In accordance with a twentieth aspect of the present disclosure, which may be
used in combination with any one or more of the preceding aspects in combination with the
fourteenth aspect, the step of determining the thickness of the tube includes: plotting the
plurality of output values along the pressure sweep to produce a sensor plot for the tube; and
comparing the sensor plot with a plurality of predetermined sensor plots, each predetermined
sensor plot corresponding to a specific tube having a predetermined thickness.

[0071] In accordance with a twenty-first aspect of the present disclosure, any of the
structure and functionality illustrated and described in connection with Fig. 1 may be used in
combination with any one or more of the preceding aspects.

[0072] In accordance with a twenty-second aspect of the present disclosure, any of
the structure and functionality illustrated and described in connection with Fig. 2 may be used
in combination with any one or more of the preceding aspects.

[0073] In accordance with a twenty-third aspect of the present disclosure, any of the
structure and functionality illustrated and described in connection with Fig. 3A may be used
in combination with any one or more of the preceding aspects.

[0074] In accordance with a twenty-fourth aspect of the present disclosure, any of the
structure and functionality illustrated and described in connection with Fig. 3B may be used
in combination with any one or more of the preceding aspects.

[0075] In accordance with a twenty-fifth aspect of the present disclosure, any of the
structure and functionality illustrated and described in connection with Fig. 4 may be used in
combination with any one or more of the preceding aspects.

[0076] In accordance with a twenty-sixth aspect of the present disclosure, any of the
structure and functionality illustrated and described in connection with Fig. 5 may be used in
combination with any one or more of the preceding aspects.

[0077] It should be understood that various changes and modifications to the
presently preferred embodiments described herein will be apparent to those skilled in the art.
Such changes and modifications can be made without departing from the spirit and scope of
the present subject matter and without diminishing its intended advantages. It is therefore

intended that such changes and modifications be covered by the appended claims.
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CLAIMS

WHAT IS CLAIMED IS:

1. A method of measuring tube thickness, the method comprising:

loading a tube in a fixture having a stationary member and a movable member;

compressing the tube between the stationary member and the movable
membetr;

receiving a signal indicative of an amount of compression of the tube while
compressing the tube;

determining from the signal that the tube is fully compressed and stopping the
compressing of the tube once the tube is fully compressed; and

determining a thickness of the tube based on the signal received indicating full

compression.

2. The method of Claim 1, wherein receiving the signal includes counting

encoder pulses.

3. The method of Claim 2, wherein determining that the tube is fully compressed

includes determining that no new encoder pulses are being generated.

4. The method of Claim 2, wherein determining that the tube is fully compressed

includes determining a rate at which new encoder pulses have lessened.

5. The method of Claim 1, wherein compressing the tube includes providing a
constant current to a motor sufficient to allow the tube to be fully compressed without

clastically compressing the tube.

6. The method of Claim 1, wherein receiving the signal includes receiving a
current draw signal and determining that the tubing is fully compressed includes sensing a

current rise.

7. The method of Claim 1, further comprising setting at least one infusion pump

parameter based upon the determined tube thickness.
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8. A method of measuring tube thickness, the method comprising:

providing a fixture having a loading portion and a pressure sensor, the
pressure sensor located on a wall of the loading portion;

loading a tube into the loading portion such that the tube imparts a force on the
pressure sensor that contacts an outside wall of the tube;

recording the force imparted on the pressure sensor by the outside wall of the
tube; and

determining the thickness of the tube based on the force imparted by the tube

on the pressure sensor.

9. The method of Claim 8, wherein the step of determining the thickness of the
tube includes comparing the force imparted by the tube with a plurality of force values, each

force value corresponding to a specific tube having a predetermined thickness.

10. The method of Claim 8, wherein the thickness of the tube is determined as a
relative thickness selected from the group consisting of low tube thickness, moderate tube

thickness and high tube thickness.

11.  The method of Claim 8, further comprising applying a positive pressure to the

interior of the tube.

12.  The method of Claim 8, further comprising:

applying a pressure sweep to the interior of the tube, wherein the pressure
sweep starts at a minimum value and ends at a maximum value; and

recording a plurality of forces from the pressure sensor, each force recorded at

step-wise increments during the pressure sweep.

13. The method of Claim 12, the method further comprising closing both ends of
the tube before applying the pressure sweep to the tube.

14. The method of Claim 12, wherein the minimum value is zero psig.

15. The method of Claim 12, wherein the maximum value is 25 psig.
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16.  The method of Claim 12, wherein the step-wise increments are at every one

psig during the pressure sweep.

17.  The method of Claim 12, wherein the step of determining the thickness of the
tube comprises:
plotting the plurality of forces along the pressure sweep to produce a sensor
plot for the tube; and
comparing the sensor plot with a plurality of predetermined sensor plots, each

predetermined sensor plot corresponding to a specific tube having a predetermined thickness.

18.  The method according to any one of the preceding claims, wherein the fixture

is an infusion pump.
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