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(57) ABSTRACT

To provide accurate determinations of volumetric flow rate
and thus of total liquid volume transported over a given time
period, two pressure transducers are disposed a predeter-
mined distance apart along a conduit. Precise pressure mea-
surement readings are generated from which volumetric flow
rate can be derived with accuracy. Integration of the volumet-
ric flow rate over time yields an improved measure of the total
liquid volume that has flowed through the conduit during the
respective temporal interval. The two pressure transducers
are disposed along the conduit a predetermined distance apart
with no obstruction or restriction in the conduit between the
transducers. A controller can be used to determine the volu-

12, 2010. metric flow rate using the Hagen-Poiseuille Equation.
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REAL TIME MEASUREMENTS OF FLUID
VOLUME AND FLOW RATE USING TWO
PRESSURE TRANSDUCERS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] n/a

BACKGROUND OF THE INVENTION

[0002] According to Poiseuille’s law (also referred to as the
Hagen-Poiseuille law), the volume of a homogeneous fluid
passing per unit time through a capillary tube is directly
proportional to the pressure difference between its ends and to
the fourth power of its internal radius (or diameter), and
inversely proportional to its length and to the viscosity of the
fluid.

[0003] Mathematically, Poiseuille’s law is represented by:
128uLQ
AP = —
which resolves to:
_ ApPrd*
T 128uL
where:
[0004] Q is the volumetric flow rate
[0005] AP is the pressure drop
[0006] = is approximately equal to 3.141592654
[0007] d is the tube diameter
[0008] pis the dynamic viscosity of the fluid
[0009] L is the tube length.
[0010] Typically, only one pressure transducer has been

employed at a first end of the tube. Atmospheric pressure is
assumed to be present at the tube exit. However, in such a
case, the pressure differential may not be well-controlled and
may lead to inaccurate measurements of volumetric flow rate.

BRIEF SUMMARY OF THE INVENTION

[0011] Inorder to provide more accurate determinations of
volumetric flow rate and thus of total liquid volume trans-
ported over a given time period, the presently disclosed inven-
tion employs two pressure transducers disposed a predeter-
mined distance apart along a conduit. Such an arrangement of
transducers provides precise pressure measurement readings
from which volumetric flow rate can be derived with greater
accuracy. Integration of the volumetric flow rate over time
yields an improved measure of the total liquid volume that has
flowed through the conduit during the respective temporal
interval.

[0012] Thetwo pressuretransducers may be disposed in the
conduit in a variety of configurations depending upon factors
such as whether fluid flow through the conduit will be unidi-
rectional or bidirectional. Other components employed in a
conduit circuit according to the present disclosure, in addition
to the two pressure transducers, include one or more valves
for selectively enabling fluid to flow through the conduit, a
pump for selectively affecting the movement of fluid through
the conduit, a controller for receiving input data from the
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pressure transducers, for providing selective control over the
configuration of the valve(s), and for selectively operating the
pump in order to affect movement of fluid within the conduit
in one or both directions, and a memory in communication
with or integral to the controller for enabling the recording of
measured pressure values with time. Other elements that may
be associated with such conduit circuits include one or more
fluid reservoirs disposed in fluidic communication with a
respective end of the conduit, a disposable probe fitted to one
end of the conduit, and a probe translation mechanism for
enabling the one, two, or three-dimensional translation and
placement of the probe. Associated with the controller in one
embodiment is a user interface, such as a computer display
screen, a printer, etc.

[0013] Thetwo pressure transducers are disposed along the
conduit a predetermined distance apart. Preferably, there is no
obstruction or restriction in the conduit between the transduc-
ers. The radius or diameter of the conduit is consistent
between the two pressure transducers and is known. The
dynamic viscosity of the fluid to be transported through the
conduit is also known in advance. Using these factors along
with the measured pressure differential between the two
transducers, the controller can be used to determine the volu-
metric flow rate. The Poiseuille law, also known as the Hagen-
Poiseuille Equation, can be utilized to make this determina-
tion. By measuring the pressure at each transducer,
identifying the pressure differential versus time over a given
temporal interval, and calculating the volumetric flow rate
from the pressure differential, it then becomes possible to
calculate, by the controller, the integral of the volumetric flow
rate over time to achieve an accurate measure of the total
volume of the fluid that flowed through the conduit over the
temporal interval.

[0014] The design of the conduit circuit in general, and the
displacement of the two pressure transducers along the con-
duit in particular, is an important aspect in the optimization of
the measurement sensitivity of the circuit. The resistance to
flow in a conduit segment is linearly proportional to the length
of the conduit segment. Thus, as the separation between two
pressure transducers along a conduit segment increases, so
does the resistance to fluid flow and, thus, so too does the
difference in pressure between the two transducer measure-
ments. The relative sensitivity of the system increases as the
pressure differential increases. However, as the absolute pres-
sure to be measured by either transducer increases, so must
the pressure rating of the transducer; transducers with higher
pressure ratings may have inferior sensitivity. Consequently,
an optimization analysis must be performed in order to find
the ideal trade-off between pressure transducer separation
and the sensitivity of each transducer.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0015] Other features and advantages of the present inven-
tion will be apparent from the following detailed description
of'the invention, taken in conjunction with the accompanying
drawings of which:

[0016] FIG.1is a schematic diagram of a first embodiment
of'a fluid-bearing circuit for an in vitro analyzer according to
the present invention;

[0017] FIG. 2 is a schematic diagram of a second embodi-
ment of a fluid-bearing circuit for an in vitro analyzer accord-
ing to the present invention;
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[0018] FIG.3 is agraphillustrating pressure versus time for
each of two pressure transducers employable in the embodi-
ment of FIG. 1;

[0019] FIG. 4 is a graph illustrating volumetric flow rate
versus time calculated from the pressure versus time values of
FIG. 3,

[0020] FIG.5is agraphillustrating pressure versus time for
each of two pressure transducers employable in the embodi-
ment of FIG. 1;

[0021] FIG. 6 is a graph illustrating volumetric flow rate
versus time calculated from the pressure versus time values of
FIG. 5; and

[0022] FIG. 7 is a graph illustrating the ability of the pres-
ently disclosed invention to differentiate —/-2.5% in total
fluid volume.

DETAILED DESCRIPTION OF THE INVENTION

[0023] Disclosed is an apparatus and method for real-time
measurement of fluid volume and flow rate using two pres-
sure transducers in an in vitro analyzer. Various configura-
tions of hardware and method steps are contemplated by the
disclosed concept. Improved measurement sensitivity results
from the use of such apparatuses and methods.

[0024] Ingeneral,the disclosed concept pertains to a fluidic
circuit (and method of use thereof) for moving a quantity of
fluid in an in vitro analyzer, and for verifying the accuracy of
the volume of fluid so moved. In one embodiment, the fluid
(preferably aliquid) is drawn from a reservoir and transferred
to a cuvette or other container. In another, the fluid is drawn
from a sample container and transferred to a cuvette or other
container. In each embodiment, two pressure transducers are
disposed in the fluidic circuit, with no intervening obstruction
or flow restricting element therebetween, thereby enabling
the more accurate measurement of fluid flow rate and fluid
volume.

[0025] Preferably, a fluid-bearing conduit is provided with
a pump for selectively moving fluid through the conduit in
one or both directions, one or more valves for enabling the
selective movement of fluid within the conduit, and a control-
ler for controlling and configuring the pump, the valve(s), and
for receiving pressure data from the two pressure transducers
and for performing various calculations on the received data.
[0026] FIG. 1 illustrates one fluidic circuit configuration in
which the presently disclosed concept may be utilized. A first
end 44 of the conduit 14 may be disposed in fluidic commu-
nication with a reservoir 36. A second end 42 of the conduit
may have some form of outlet formed thereon. Alternatively,
the second end may be configured to receive a probe tip 38,
which may be disposable, depending upon the application.
The conduit second end, with or without a probe tip installed,
may be stationary and each of a sequence of containers, such
as cuvettes, may be selectively positioned beneath the probe
tip to receive fluid therefrom. Alternatively, the conduit sec-
ond end, with or without a probe tip installed, may be posi-
tionable in one, two or three axes using a probe translation
device 40. Such devices are known in the art and may include
screw gears, rack gears, stepper motors, etc., for the purpose
of moving the probe tip relative to a fluid container, one or
more cuvettes or other containers in a sequence thereof, etc. If
the second end is positionable, this enables the probe to be
placed into fluidic communication with a source of liquid,
such as a sample container, from which liquid is aspirated,
and then with a container such as a cuvette for receiving liquid
from the conduit second end.
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[0027] While not depicted in the figures, the fluidic circuit
may also be provided with means for detaching a used probe
tip and for enabling the installation of a new tip. Such means
may include the probe translation device moving the probe tip
relative to a tip detachment projection whereby a flange asso-
ciated with the tip is disposed below the projection. Upward
movement of the second end 42 of the conduit causes the
probe tip flange to interfere with the projection and to thus
become unattached. The conduit second may then be posi-
tioned over a vertically oriented supply of probe tips and
driven down into this supply in order to engage a new tip.
However, these arrangements for tip removal and insertion
are not exclusive and other known techniques may be
employed in conjunction with the presently disclosed appa-
ratus and method.

[0028] A first embodiment of a fluidic circuit is depicted in
schematic form in FIG. 1. First and second pressure transduc-
ers 10, 12 are shown a known length IL apart along the conduit
14. Two valves are shown in this embodiment: an inlet valve
20 and an outlet valve 22. Disposed between the two valves is
a pump 24.

[0029] For ease of reference, it can be said that the conduit
14 is logically divided into two portions, a proximal portion to
the left of the outlet valve 22 and a distal portion to the right
of'the outlet valve 22. Thus, the probe 38 and two transducers
10, 12 are located along the proximal portion, while the pump
24 and inlet valve 20 are located along the distal portion. Also
solely for ease of reference, it can be said that the distal
portion is comprised of a first segment and a second segment.
The first segment is that portion of the conduit between the
outlet valve 22 and the pump 24, while the second segment is
that portion of the conduit between the pump 24 and the
reservoir 36, containing the inlet valve 20.

[0030] The pressure transducers 10, 12, the valves 20, 22
and the pump 24 are all in communication with a controller
30. The controller may be provided as a specially pro-
grammed general purpose computer or a custom-configured
processing unit such as an Application Specific Integrated
Circuit (ASIC). It may be provided as a discrete processing
element, or may be implemented by a processor associated
with a larger system of which the presently disclosed fluidic
circuit forms a part, such as an automated in vitro analyzer.
Associated with the controller is data memory 32 such as
random access memory (RAM) that may be implemented in
a variety of ways, including fixed or removable memory
devices, as are known. A timing circuit or clock 34, which
may be integral to the processor forming the controller or
which may be a discrete circuit element, is also provided for
use by the controller.

[0031] Regardless of the specific implementation, the con-
troller performs at least the following functions: it selectively
receives and stores pressure data from each of the two pres-
sure transducers, storing it preferably along with the time at
which the data was generated or received; it issues control
signals to the valves in order to individually configure the
valves as required; and it issues control signals to the pump to
selectively operate the pump to move fluid in one or the other
direction within the conduit as desired.

[0032] The controller may have standard data ports or other
application-specific interfaces for acting as pressure sensor
input interfaces. Similarly, the controller may utilize standard
input/output (I/O) ports to serve as pump and valve control
interfaces, or alternatively may be provided with application-
specific interfaces as known to one skilled in the art.
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[0033] Other optional controller functions include control-
ling the position of the translatable probe tip via the probe
translation device 40. The controller may be in communica-
tion with other control devices in an in vitro analyzer whereby
the operation of the controller 30 and thus the fluidic circuit is
synchronized with other operations of the in vitro analyzer,
such as the movement of fluid containers or cuvettes relative
to the conduit second end 42.

[0034] According to the Poiseuille theory, and specifically
the Poiseuille (or Hagen-Poiseuille) Equation, the volume of
ahomogeneous fluid passing per unit time through a capillary
tube is directly proportional to the pressure difference
between its ends and to the fourth power of its internal radius
(or diameter), and inversely proportional to its length and to
the viscosity of the fluid.

[0035] Mathematically, the Hagen-Poiseuille Equation is
represented by:

128uLQ
AP = —
which resolves to:
_ APrd*
~ 128uL
where:
[0036] Q is the volumetric flow rate
[0037] AP is the pressure drop
[0038] = is approximately equal to 3.141592654
[0039] d is the tube diameter
[0040] pis the dynamic viscosity of the fluid
[0041] L is the tube length.
[0042] As noted above, the controller is adapted to selec-

tively receive pressure measurement signals from each pres-
sure transducer at regular intervals and to record these mea-
surements in memory. From these stored values, the pressure
differential between the two readings AP is calculated for
each point in time. 7 is obviously a known value. The tube
diameter d (or radius), the dynamic viscosity of the fluid p,
and the length along the conduit between the two transducers
L are all predetermined and stored in conjunction with or
otherwise accessible to the controller.

[0043] Usingthe Hagen-Poiseuille Equation, the controller
calculates a value for the volumetric flow rate Q at each of
plural, regularly spaced temporal points. The controller is
further adapted to mathematically integrate plural determined
values of volumetric flow rate, from across a temporal range,
to determine the total volume of fluid that transited through
the conduit, past the pressure transducers, during the tempo-
ral range. Thus, a highly accurate determination of flow rate
and total volume is obtained using the transducer configura-
tion herein described.

[0044] Again with respect to FIG. 1, a typical system and
method of operation involves aspirating liquid from a con-
tainer at the second end of the conduit, then dispensing the
liquid into another container at the same conduit end. There
are many ways such a system can be implemented. For
example, the majority of the conduit 14, including the conduit
between the two pressure transducers 10, 12, may be filled
with an inert liquid such as water. Then, the conduit second
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end may be placed in fluidic communication with another
liquid to be aspirated, such as a patient sample or a reagent,
and the pump is selectively operated under controller com-
mand in order to aspirate a desired quantity of the liquid.
Depending upon the specific nature of the liquid to be aspi-
rated, it may be desirable to aspirate a relatively small quan-
tity of air before aspirating the liquid, such that an air “slug”
or buffer separates the water in the conduit system from the
aspirated liquid. In another embodiment, there is no need for
such an air buffer. Preferably, in this embodiment, water
always remains between the two transducers and, for pur-
poses of the Poiseuille Equation, the dynamic viscosity of
water is employed.

[0045] In order to configure the conduit circuit for opera-
tion as just described, the controller opens the inlet valve 20
and the outlet valve 22, then sends a command signal to the
pump 24 to begin pumping water (or other desired liquid for
filling the conduit) from the reservoir 36 into the conduit 14.
Once sufficient liquid has flowed through the conduit, at least
so that the liquid has passed both pressure transducers 10, 12,
the pump is stopped and the inlet valve in closed. Next, the
controller commands the probe translation device 40 to orient
the second conduit end 42, with or without a probe tip 38, with
respect to a container. An optional air slug is aspirated by
operating the pump before placing the conduit end in contact
with the liquid in the container. The conduit end is then placed
in contact with the liquid, and the pump is operated in order to
aspirate a desired amount of liquid. The pump is then stopped
and the controller then commands the probe translation
device to move the conduit second end with respect to a
receiving container such as a cuvette. The pump is then oper-
ated in order to dispense a desired quantity of liquid. During
at least the aspiration and/or dispense operations, which may
include the optional aspiration of an air slug, the controller
records pressure data from each of the pressure transducers
for use in calculating flow rate and total transferred volume.
[0046] Optionally, the controller may then be used to com-
mand the probe translation device to position the second
conduit end with respect to a waste receptacle or port (not
shown), and the pump is operated to dispense any remaining
previously aspirated liquid. If necessary, the pump may also
be operated in order to dispense a quantity of water (or other
inert liquid filling the remainder of the conduit) from the
conduit second end, thereby purging the conduit of any
residual aspirated liquid. The controller issues commands to
the two valves and the pump to accomplish these steps.
[0047] As a further optional step, the controller may be
adapted to command the conduit second end probe translation
device to place the second conduit end in communication
with a source of wash liquid, a quantity of which is the
aspirated into the conduit and then dispensed into a waste
receptacle.

[0048] In an alternative embodiment, the conduit is filled
with air except for the quantity of liquid that is aspirated into
the conduit second end. However, air is more compressible
than, for example, water, and so pressure measurements and
the resulting flow rate and volume measurements would be
less accurate than in a system employing water or other inert
liquid. Water also serves to reduce the likelihood of the pres-
sure transducers from being contaminated by the aspirated
liquid.

[0049] In yet another alternative embodiment employing
the fluidic circuit of FIG. 1, the fluid reservoir 36 contains a
liquid such as wash, acid reagent, or base reagent, liquids that
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may need to be dispensed into a plurality of receiving con-
tainers. In this case, fluid flow is uni-directional through the
circuit. The dynamic viscosity of the respective liquid is
utilized by the controller in making flow rate and volume
calculations.

[0050] A second embodiment of a fluidic circuit according
to the presently disclosed invention is depicted in FIG. 2.
Here, the circuit comprises a conduit 114 logically divided
into a proximal portion and a distal portion on opposing sides
of'a second two-way valve 122. The second conduit end 142
associated with the proximal portion is optionally provided
with a probe tip 138, and optionally with a probe translation
device 140, similar to that described with respect to FIG. 1.
[0051] In the second embodiment illustrated in FIG. 2, a
pump 124 is disposed in the distal portion of the conduit 114
and logically separates the distal portion into first and second
segments, the first segment being intermediate the second
two-way valve 122 and the pump 124, with the second seg-
ment being between the pump 124 and the first conduit end
144 in fluidic communication with the contents of a reservoir
136. The two pressure transducers 110, 112 are shown dis-
posed in the second segment of the distal portion of the
conduit 114 in FIG. 2, separated by aknown or predetermined
distance L. There is no other element or restriction in the
conduit between the two pressure transducers in this embodi-
ment or in that shown in FIG. 1. Additionally, the conduit 14,
114 in both embodiments is of a consistent, known diameter
over the distance L.

[0052] A first two-way valve 120 is disposed intermediate
one of the two pressure transducers 112 and the conduit first
end 144 of the conduit 114 in FIG. 2. A controller 130 with
associated memory 132, timing circuit 134, and appropriate
pressure sensor input and pump and valve control interfaces,
as described above with respect to FIG. 1, is also provided in
the embodiment of FIG. 2. The operational capabilities of the
controller may be similar to that of the controller 30 of FIG. 1.
[0053] Specifically, the controller 130 is adapted to config-
ure the first and second two-way valves 122, 120 and the
pump 124 to enable liquid to flow from the reservoir 136 via
the first conduit end 144, past the two pressure transducers
110, 112 to the second conduit end 142. A cuvette or other
container is disposed beneath the second end 142 for receiv-
ing the liquid. At least during the period in which the pump is
operating to aspirate liquid from the reservoir, the controller
is adapted to receive pressure data from the transducers 110,
112, record it in memory 132 along with or indexed according
to time data from the timing circuit 134, determine the pres-
sure differential between the two sets of pressure data indexed
according to time, calculate the volumetric flow rate over
time, and calculate the total volume dispensed during a given
time interval by integrating the volumetric flow rate for that
interval.

[0054] Inoneimplementation of the embodiment of FIG. 2,
the pump 124 is provided as a syringe pump having a piston
chamber in communication with the conduit. Operation of the
syringe pump must be done in coordination with the proper
configuration of the two-way valve 120, 122, all under the
control of the controller 130. For example, in order to aspirate
liquid from the fluid reservoir 136, the first two-way valve 120
is opened, the second two-way valve 122 is closed, and the
pump 124 piston is withdrawn, creating a vacuum that aspi-
rates liquid from the reservoir 136 via the conduit first end
144 that is disposed in fluidic communication with the con-
tents of the reservoir. The aspirated liquid must transit that
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portion of the conduit in which are disposed the two pressure
transducers 110, 112. During aspiration, the pressure data
from the transducers are collected by the controller for use in
calculating volumetric flow rate and total volume aspirated,
as described in the foregoing.

[0055] Once so aspirated, the first two-way valve 120 is
closed, the second two-way valve 122 is opened, and the
pump 124 piston is driven forward, thereby driving liquid
from the syringe pump into the conduit 114 towards the
second conduit end 142 and a container disposed therebe-
neath.

[0056] FIG. 3 is an illustration of pressure traces formed
from data provided by the two pressure transducers 10, 12 of
FIG. 1 during an initial aspiration step. Specifically, once the
controller 30 commands the pump 24 to aspirate a quantity of
fluid from the container disposed in fluidic communication
with the second conduit end 42, which may or may not be
provided with a disposable probe tip 38, pressure within the
conduit in general and in the area of the pressure transducers
in particular will fall and a pressure differential between the
pressure transducers will form. This is evident in the pressure
plots in FIG. 3 approximately between the times of 480 and
500. During this period, the pressure associated with the
upstream pressure transducer 12 is labeled as P2 in the figure,
while the pressure associated with the downstream pressure
transducer 10 is labeled as P1 in FIG. 3.

[0057] After aspiration, there may be a “rebound” effect in
the conduit pressure as the pump operation is discontinued.
This can be seen in FIG. 3 between the times of 500 and 530.
Note, however, that the pressure differential quickly resolves
to close to zero once the pump operation is ceased.

[0058] As noted in the foregoing, the controller 30 per-
forms several calculations that ultimately depend upon the
pressure differences shown in FIG. 3. First, it calculates the
pressure differential versus time. Second, it uses the calcu-
lated pressure differential along with other known factors
(discussed above) to calculate the volumetric flow rate versus
time. FIG. 4 is a graph of the volumetric flow rate versus time
calculated from the pressure values shown in FIG. 3. Finally,
the controller integrates the volumetric flow rate over a given
time period to determine a volume of liquid that passed
through the conduit over the time period used in the integra-
tion.

[0059] The controller may be provided with a range of
normal or expected values for flow rate and/or total volume
and may compare the determined values against the thresh-
olds. Failure to aspirate a correct volume may indicate a leak
or occlusion in the conduit. Detection of such a failure may
cause the controller to set an alarm state, whereby an indica-
tion thereof is recorded in association with the recorded pres-
sure, flow rate or volume data.

[0060] A notification may be provided to a userthrough one
of'various means, including an aural or visual indication. The
controller may also provide an error indication to another
controller associated with the in vitro analyzer of which the
respective fluid conduit circuit may form a part.

[0061] In addition to the controller comparing the calcu-
lated flow rate and/or volume to predetermined threshold
values, it may in a further embodiment also compare the
absolute pressure values from each transducer with a range of
expected and/or allowed values. Thus, an unexpectedly high
pressure value during either an aspiration or dispense opera-
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tion could indicate a conduit occlusion. The controller would
then carry out some form of alarm notification, as described
above.

[0062] FIG.5 provides pressure traces that would typically
result from the transducers 10, 12 of FIG. 1 during a dispense
operation. At approximately time 400, the controller 30 com-
mands the pump 24 to dispense at least a portion of the
previously aspirated liquid. The pressure in the conduit 14 in
the region of the pressure transducers quickly rises. However,
note that the pressure in the upstream pressure transducer P2
12 raises higher than that of the downstream pressure trans-
ducer P1 10. Just before time 700, the controller commands
the pump to cease the dispense cycle and the conduit pressure
at both transducers returns to a stasis level.

[0063] Once again, the controller calculates the pressure
differential from the pressure traces shown in FIG. 5, then
calculates the volumetric flow rate Q using the Hagen-Poi-
seuille Equation, described above. The resulting flow rate is
graphed in FIG. 6. As described in the foregoing, the control-
ler may be provided with optimal expected values or a range
of threshold values for determining whether the actual flow
rates and volume dispensed is as expected. If not, an alarm
condition is established and appropriate steps are taken to
document the condition and to alert a larger system controller
and/or a user.

[0064] FIG. 7 illustrates the ability of the present invention
to differentiate between a target volume value and -/-2.5% of
that volume value. Specifically, a circuit configuration such as
shown in FIG. 1 was employed. The liquid used in the test was
water—therefore, the dynamic viscosity u was 1 cP. The
conduit used had an inner diameter of 0.79 mm. The pressure
transducers were separated by 50 mm along the conduit.
Pressure measurements were made using the two pressure
transducers as 10 ul of water was dispensed twelve times. In
addition, 10 ul+2.5% (i.e., 10.25 ul) was dispensed twelve
times. Finally, 10ul-2.5% (i.e., 9.75 ul) was dispensed twelve
times. For each dispense, volume was calculated by integrat-
ing the pressure differential with respect to time. For purposes
of this test, flow rate was not at issue and thus the volumetric
flow rate was not calculated first. However, since volumetric
flow rate is proportional to the pressure differential, volume
may be calculated in a similar fashion, which is to say, by
integrating pressure differential over time.

[0065] Inthe test case, pressure readings were recording in
volts. Thus, pressure differential was also a voltage value.
After integration, then, the volume data is given in volts
integrated with time. Ideally, these values would be converted
to micro-liters by multiplying each by a conversion factor.
Gravimetric measurements were simultaneously performed
in order to verify the accuracy of the test results. The results
suggest that the presently disclosed systems and methods
may accurately measure a total volume of liquid moved
through a conduit during a given period of time.

[0066] Many changes in the details, materials, and arrange-
ment of parts and steps, herein described and illustrated, can
be made by those skilled in the art in light of teachings
contained hereinabove. Accordingly, it will be understood
that the following claims are not to be limited to the embodi-
ments disclosed herein and can include practices other than
those specifically described, and are to be interpreted as
broadly as allowed under the law.

What is claimed is:

1. A fluid-bearing circuit for an in vitro analyzer compris-
ing:
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a fluid-bearing conduit;

two pressure sensors disposed a predetermined distance
apart along the conduit, each for measuring pressure
within the conduit proximate the respective pressure
sensor and for generating a pressure signal indicative
thereof;

a first valve disposed within the conduit for selectively
controlling fluid flow through the conduit;

a pump disposed in association with the conduit for selec-
tively pumping fluid in at least one direction within the
conduit; and

a controller in communication with the two pressure trans-
ducers, the first valve, and the pump,

wherein the conduit is of substantially uniform cross-sec-
tion and is unobstructed between the two pressure sen-
sors,

wherein the controller receives the respective pressure sig-
nal from each of the two pressure sensors,

wherein the controller selectively controls the first valve to
thereby control fluid flow through the conduit,

wherein the controller selectively controls the pump to
thereby selectively pump fluid in at least one direction
within the conduit, and

wherein the controller is configured to calculate the differ-
ence in the measured pressures and, from the difference,
to calculate the volumetric flow rate the fluid-bearing
conduit between the two pressure sensors.

2. The fluid-bearing circuit of claim 1, wherein:

the conduit has a proximal portion and a distal portion, the
distal portion having a first segment and a second seg-
ment,

the first valve is disposed between the proximal portion and
the distal portion for selectively controlling fluid flow
therebetween, and

the pump is disposed between the first segment and the
second segment of the distal portion.

3. The fluid-bearing circuit of claim 2, wherein the two

pressure sensors are disposed in the proximal portion.

4. The fluid-bearing circuit of claim 3, further comprising
a second valve disposed within the second segment of the
distal portion and wherein the distal portion is in fluidic
communication with a fluid reservoir.

5. The fluid-bearing circuit of claim 4, wherein the control-
ler is for selectively opening a fluid pathway through the first
valve and the second valve and for selectively operating the
pump to convey fluid from the reservoir, through the second
valve, the pump, and the first valve, past the two pressure
sensors, and through an open end of the proximal portion.

6. The fluid-bearing circuit of claim 2, wherein the two
pressure sensors are disposed in the second segment of the
distal portion.

7. The fluid-bearing circuit of claim 6, further comprising
a second valve disposed within the second segment of the
distal portion and wherein the distal portion is in fluidic
communication with a fluid reservoir.

8. The fluid-bearing circuit of claim 7, wherein the control-
ler is for selectively opening a fluid pathway through the first
valve and the second valve and for selectively operating the
pump to convey fluid from the reservoir, through the second
valve, past the two pressure transducers, through the pump
and the first valve, and through an open end of the proximal
portion.

9. The fluid-bearing circuit of claim 8, wherein the pump is
a syringe pump and the conduit is in fluidic communication
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with the syringe pump piston chamber, and wherein the sec-
ond valve is opened while the first valve is closed to enable the
aspiration of liquid from the reservoir by the withdrawal of
the syringe pump piston.

10. The fluid-bearing circuit of claim 8, wherein the pump
is a syringe pump and the conduit is in fluidic communication
with the syringe pump piston chamber, and wherein the first
valve is opened while the second valve is closed to enable the
dispensation of liquid from the syringe pump piston chamber
by the insertion of the syringe pump piston.

11. The fluid-bearing circuit of claim 1, wherein the con-
troller is configured to calculate the volumetric flow rate
through the conduit proximate two pressure sensors on the
basis of a known relationship between a calculated difference
in the measured pressures between the two pressure sensors,
the distance along the fluid-bearing conduit separating the
two pressure sensors, a predetermined dynamic viscosity of
the fluid flowing through the fluid-bearing conduit, and a
predetermined radius or diameter of the fluid-bearing conduit
intermediate the two pressure sensors.

12. The fluid-bearing circuit of claim 11, wherein the
known relationship is the Hagen-Poiseuille Equation.

13. The fluid-bearing circuit of claim 1, further comprising
a removable, fluid-conducting tip disposed at an end of the
fluid-bearing conduit.

14. The fluid-bearing circuit of claim 1, further comprising
translating apparatus associated with the end of the fluid-
bearing conduit for translating an end of the fluid-bearing
conduit at least in a horizontal or vertical direction, the trans-
lating apparatus being in communication with and under the
control of the controller.

15. The fluid-bearing circuit of claim 14, wherein the trans-
lating apparatus is for moving the end with respect to at least
one of a fluid reservoir and a cuvette.

16. The fluid-bearing circuit of claim 1, wherein the con-
troller is for selectively opening the first valve and controlling
the pump to move fluid: in a first direction within the fluid-
bearing conduit in order to aspirate fluid through an end of the
fluid-bearing conduit and past the two pressure sensors; and,
in an opposite, second direction within the fluid-bearing con-
duit, past the two pressure sensors, to dispense the fluid
through the end.

17. The fluid-bearing circuit of claim 1, wherein the fluid-
bearing conduit has a circular cross-section.

18. The fluid-bearing circuit of claim 1, further comprising
a memory in association with the controller, wherein the
controller is further for recording pressure measurements
from each of the two pressure sensors at regular temporal
intervals.

19. The fluid-bearing circuit of claim 18, wherein the con-
troller is further for determining the value of volumetric flow
rate at each of plural temporal intervals from the respective
recorded pressure measurements and for determining a fluid
volume that moved between the two pressure sensors during
a time period by mathematically integrating the volumetric
flow rate values over the time period.

20. The fluid-bearing circuit of claim 19, wherein the con-
troller is further for comparing the determined fluid volume to
a predetermined threshold value to determine whether a
desired fluid volume moved within the conduit proximate the
pressure transducers and, if not, to identify an error condition.

21. A method of measuring characteristics of a fluid flow in
an in vitro analyzer, comprising:
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disposing two pressure sensors a predetermined distance
apart along a fluid-bearing conduit of substantially uni-
form, circular cross-section, the sensors each for mea-
suring pressure within the conduit proximate thereto and
for generating a pressure signal indicative thereof,
disposing a first valve in-line with the conduit;

disposing a pump in-line with the conduit;

providing a controller in communication with the two pres-

sure sensors, the first valve, and the pump, the controller
for selectively opening the valve to allow fluid flow
therethrough, for selectively operating the pump to
move fluid through the conduit in at least one direction,
and for receiving respective pressure signals from the
sensors indicative of the pressure sensed by each at a
point in time; and

calculating and recording, by the controller, the volumetric

flow rate through the conduit proximate the sensors at
the point in time using the difference in pressures sensed
by the sensors.

22. The method of claim 21, wherein the step of calculating
comprises calculating the volumetric flow rate, at each of the
plural, regularly spaced points in time, on the basis of a known
relationship between the difference in pressures sensed by the
sensors, the distance along the conduit separating the sensors,
a predetermined dynamic viscosity of the fluid, and a prede-
termined radius or diameter of the conduit intermediate the
sensors.

23. The method of claim 22, wherein the known relation-
ship is the Hagen-Poiseuille Equation.

24. The method of claim 22, further comprising:

mathematically integrating the calculated volumetric flow

rate values over a predetermined temporal interval to
obtain a measure of fluid volume that flowed in the
conduit proximate the sensors over the temporal inter-
val.

25. The method of claim 24, further comprising:

comparing, by the controller, the measure of fluid volume

to at least one predetermined threshold value in deter-
mining whether a desired volume of fluid flowed
through the conduit proximate the sensors during the
respective temporal interval.

26. The method of claim 21, further comprising:

disposing a second valve in-line with the conduit between

the pump and a second end of the conduit;

disposing the second end of the conduit in fluidic commu-

nication with a fluid reservoir;

selectively opening the first and second valves by the con-

troller; and

selectively operating the pump in a first mode to pump fluid

from the reservoir through the conduit, through the sec-
ond and first valves, past the sensors, and through a first
end of the conduit.

27. The method of claim 26, wherein the step of selectively
opening and selectively operating comprise opening the sec-
ond valve, closing the first valve, and operating the pump to
aspirate a quantity of liquid from the reservoir via the conduit
first end, then closing the second valve, opening the first
valve, and operating the pump to dispense a quantity of liquid
from the pump into the conduit.

28. The method of claim 21, further comprising:

disposing a first end of the conduit in fluidic communica-

tion with a fluid reservoir;

opening the first valve by the controller;
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operating the pump in a first mode to aspirate fluid from the
reservoir into the conduit and past the sensors;

disposing the first end of the conduit in fluidic communi-
cation with a receptacle; and

operating the pump in a second mode to pump fluid in the
opposite direction through the conduit, past the sensors,
and out the first end of the conduit into the receptacle.

#* #* #* #* #*



