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ABSTRACT

Automated systems and methods determine a level of fluid relative to a rim of a sample
receptacle defining an open top of the sample receptacle. The systems and methods utilize a
distance sensor to measure the distance between the rim of the sample receptacle and the surface
of a fluid sample contained in the sample receptacle, where at least one of the sensor and the
sample receptacle is moved relative to the other to enable the sensor to obtain a sequence of
discrete measurements of distances between the sensor and the rim of the sample receptacle and
between the sensor and the surface of the fluid sample. A controller processes an output signal
from the sensor to determine a level of the fluid relative to the rim of the sample receptacle. The
derivative of the sequence of discrete measurements may be used to identify the rim and the fluid

surface in the output signal.
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SYSTEM AND METHOD FOR DIFFERENTIAL MEASUREMENT OF A FLUID
LEVEL IN A SAMPLE RECEPTACLE

CROSS REFERENCE OF RELATED APPLICATION

[0001] This application is a divisional application of Australian patent application
2021259791, which is the national phase of PCT/US2021/028719 filed 22 April 2021, which
claims priority the benefit of US63/015,129 filed 24 April 2020, the disclosures of which are
incorporated herein by reference in their entirety.

FIELD

[0002] This disclosure generally relates to automated analytical systems methods, and more
particularly, to automated systems and methods for measuring differential fluid level in a sample
tube.
BACKGROUND

[0003] Automated analysis systems for handling and analyzing various types of fluid
samples (also referred to as fluid specimens) are widely used in clinical diagnosis and medical
research. The fluid samples may be any type of sample or specimen type, such as whole blood,
blood serum, blood plasma, interstitial fluid, phlegm, urine, fecal matter, semen, mucus, pus,
tissue, food, environmental, industrial, etc. For example, a number of automated systems are
available for performing assays on biological fluid samples to detect and/or quantify the presence
or amount of antigens, cell abnormalities, disease states, and/or disease-associated pathogens,
such as parasites, fungi, bacteria and viruses present in the samples. In general, diagnostic
assays are based either on the detection of antigens or antibodies (immunoassays) or nucleic
acids belonging to an organism or virus of interest (nucleic acid-based assays). There are also
automated systems for performing genetic testing on a biological fluid to identify genes present
in a sample, for instance, to detect disease-associated mutations.

[0004] Automated analytical systems typically have a variety of stations, which may include
sample preparation “prep” stations, analysis stations, storage stations, and/or transport
mechanisms, for preparing and analyzing samples contained in sample receptacles. For example,
the sample receptacles may be test tubes, vials, or the like. Most, if not all, of the stations
typically have associated sample receptacle handling mechanisms (e.g., pick and place robots)

and/or fluid handling mechanisms for manipulating the sample receptacles, samples, reagent

1



03 Mar 2026

2026201610

vessels and reagents, such as robots and fluid-aspirating and fluid-dispensing devices. The
transport mechamsms may include robots, conveyors and other devices for moving the sample
receptacles and other materials between the stations. The components of the automated system
are controlled by a controller including one or more computerized controllers which control the
operation of each of the components in order to integrate and coordinate the components
involved in performing one or more assays on a plurality of samples contained in sample
receptacles.

[0005] While handling sample receptacles by automated analytical systems, it is important
that biological fluid samples within the sarople receptacles are not spilled or splashed out of the
receptacles.  Spilling and/or splashing of flud samples can cause cross-contamination of
samples, or contanunation of the system ifself requiring cleaning and/or other maintenance,
which can present a hazard to the personnel operating the systems.

SUMMARY

(00061 This disclosure 15 directed to automated systems and methods for processing a fluid
sample contained in a sample receptacle having a rim defining an open top of the sample
receptacle.  The automated systems and methods measure and determine one or more
dimensional aspects of the fluid sample and sample receptacle, including: a level of the fluid
contained within the sample receptacie relative to the rim of the sample receptacle; a volume of
the fluid sample contained in the sample receptacle; and/or other physical dimensions of the
sample receptacle. The level of the fluid contained within the sample receptacle relative to the
rim of the sample receptacie may also be referred to as the “headspace” of the fluid sample in the
sample receptacle. In other words, “headspace” is the distance between the top surface of the
fluid and the riro of the sample receptacle. The headspace may be determined from one or more
focations of the top surface of the fluid, or even the entire top surface of the fluid (e.g., a profile).
[0607] In general, an automated fluid processing system includes robots, conveyors and/or
other electromechanical devices for transporting fluid samples contained in sample receptacles
around the system, as well as robots and/or other sample receptacle handling mechanisms for
manipulating the sample receptacles within a station of the system {e.g., pick-and-place robots,
carriages, etc.}. The automated manipulation and transport, and any other movement of a sample
receptacle, by an automated analytical system, are collectively referred to as “handling” of the

sample receptacle. The automated fluid processing system may utilize sample receptacle holders
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for holding the sample receptacies while the sample receptacles are handled on the system, or the
system may handle the sample receptacles itself] or the system may comprise a combination of
handling the sample receptacles within sample receptacie holders and also removing the sample
receptacles from their respective holders and directly handling the sample receptacles. The
handling of the sample receptacles containing respective fluid samples by the automated system
moves the sample receptacles, which causes the fluid samples to move relative to their respective
sample receptacles. For example, the acceleration of a sample receptacle, including translation
and/or rotation {e.g., tilting)}, may cause the fluid sample to move within the sample receptacie.
If the saruple receptacle is filled close to a top rivo of the sample receptacle, this movement may
cause the tluid sample to splash or spill out of the sample receptacie.

[0008] As described above, it is often desirable to prevent spilling and/or splashing of a fluid
sample out of a sample receptacle during automated movement of a sample receptacle on an
automated fluid sample processing system to prevent cross-contamination of samples, and/or
contamination of the system and personnel in the viciotty of the sample. This may be especially
true for automated analytical systems, such as diagnostic systems used to perform diagnostic
assays and/or genetic testing of patient sample, in which case cross-contamination may
potentially result in false positives in diagnosing a patient. While the system and methods
disclosed herein are especially useful when implemented on an automated analytical system, the
disclosure is not limited to automated analytical systems, but may be utilized with any automated
systems and methods for processing fluid samples contained in sample receptacles.

[0009] Accordingly, an automated system and method may check the fluid level of a sample
receptacle to determine if the fluid level relative to the rim of the sample receptacie is above an
acceptable level and quarantine the sample receptacle if the level is too high. However, if a
measurement of a level of fluid in a sample receptacie is determined by simply measuring only
the surface of the fhnd, the tolerance stack of an autorvated mechanical system for handling
sample receptacles, as well as the tolerance of the sample receptacle, may lead to measurement
uncertainty of +/- 3.5 mm or more. “Tolerance stack” or “stack up” is the combination of
tolerances associated with the components of an assembly. In design, the worst-case scenario 13
usually considered to be the total expected tolerance of a system. In practice, due to statistical

variations, the actual tolerance s usually less than the worst-case scenario.
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[00107 This uncertainty can cause a sample receptacle to be incorrectly measured as having
an unaccepiable fluid level {e.g., too high and susceptible to spillage, or too low for performing
as assay). As aresult, the sample receptacle may be unnecessarily quarantined, thereby affecting
processing times and overall throughput, as well as imposing an additional burden on laboratory
personnel who must remove the receptacle and determine whether it is in fact overfilled.

[0011] In one particularly advantageous aspect of this disclosure, the disclosed systems and
methods remove the measurement uncertainty caused by the tolerance stack within an automated
mechanical system and the sample receptacle. This disclosure eliminates the mechanical
tolerance stack by performing an accurate differential measurervent in which a sensor measures a
distance from a certain point (such as the location of the sensor) to both the fluid surface and to
the rim of the sample receptacle, and determining the fluid level relative to the rim based on
measurements to both features. In addition, multiple measurements to the fluid surface and the
rim may also be obtained, and then filtered and/or averaged, to further refine the measurements
before determining the fluid level based on the difference in the measurements.

[0012] In one embodiment, the systems and methods of this disclosure are directed to an
automated fluid sample processing system which can determine the headspace. In one aspect,
the systems and methods can utilize the determined level of the fluid within the sample
receptacle to ensure that sample receptacles on the system have respective fluid levels within a
predetermined range, or below a predetermined level, to prevent, or at least minimize, spilling
and/or splashing of the fluid sample out of the sample receptacle during handling of the sample
receptacle on the system. In another aspect, the thid level may be measured at the outset of
processing the sample receptacle by the automated fluid processing system, and the system may
be configured to quarantine a sample receptacle which has a fluid level cutside of the acceptable
range or above the acceptable level such that it would otherwise be at risk of spilling or splashing
samiple out of the receptacle  In other words, a sample receptacle which is overfilled with fluid
sample is immediately quarantined for corrective action before it can potentially contaminate the
systerm.

FO013] Accordingly, one embodiment of this disclosure is directed to an automated system
for detecting a level of a fluid sample contained 1n a sample receptacle. The automated system
may also be configured to process multiple sample receptacies. The sample receptacle has a

closed bottom and a receptacle wall extending from the closed bottom to a rim defining an open
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top of the sample receptacle. In one aspect, the sample receptacle may be a sample vial, such as
a test tube. The sample receptacle may be any other suitable fluid receptacle having an
acceptable shape and size.

[0014] The system includes a sensor configured for periodically measuring a distance
between the sensor and (1) one or more surfaces of the sample receptacle and (1) a surface of a
fluid contained within the sample receptacle. The measurements include measuring a distance
between (1) the sensor and the rim of the sample receptacle and (11) the sensor and the surface of
the fluid contained within the sample receptacle. For example, the sensor may be an ultrasound
sensor for measuring distance, a laser sensor, or other suitable distance-measuring sensor.

[O015] At least one of the sensor and the sample receptacie are controilably moveable
relative to the other to enable the sensor to obtain a sequence of discrete surface distance
measurements between the sensor and the respective surfaces of the sample receptacle and the
fluid contained in the sample receptacle. For instance, one or both of the sensor and the sample
receptacle holder may be controllably movable to perform a linear scan across the nim of the
sample recepiacle and the surface of the fluid, thereby permitting the sensor to obtain
measurements at different locations on the rum and top surface of the fluid duning the scan. In
one aspect the linear scan can utilize continuous relative movement while the sensor obtains the
measurements, and in another aspect the linear scan can use intermittent relative movement, in
which the movement is stopped intermittently for the sensor to obtain measurenents.

A controller 1s operatively coupled with the sensor. The controller 1s configured to
receive and process an output signal from the sensor comprising a digital representation of the
sequence of discrete surface distance measurements. The output signal may further comprise
sensor positions relative to the sample receptacle, wherein each sensor position 1s associated with
one of the discrete surface distance measurements.

[0016] The countroller processes the output signal from the sensor to determine the relative
level of the fluid contained within the sample receptacle relative to the rim of the sample
receptacle, t.e., the headspace.

FO0171 In another aspect, the sensor is supported by a linear transiator that moves the sensor
relative to the sample receptacle. Alternatively, the sensor may be fixedly mounted relative to
the sample receptacle, in which case the sample receptacle is moved relative to the sensor, such

as using the conveyor or gther robotic arm to move the sample receptacle.
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[0018] In another aspect, the sensor is mounted on a vertical linear translator that moves the
sensor vertically relative to the sample receptacle. Since the sensor may have limitations on the
distance from the measurement surface at which the sensor can measure a distance or at which it
is more accurate, the vertical linear translator allows the sensor to be moved to a pre-determined
from the rim of the sample receptacle to account for such Himitations. This vertical adjustment of
the sensor may also allow the automated system to measure the fluid level for different sample
receptacles having different heights. For instance, if the sensor 13 designed to be within a
maximum (and/or minimum) distance from the measurement surface, then the vertical linear
translator caun adjust the vertical position of the sensor to be within the maximum {and/or
minimum) distance of the rim of the sample receptacle, and the vertical posttion can be adjusted
based on the height of the sample receptacle. As an example, if sample tubes having heights of
106 mm and 75 mm are utilized, the sensor will be adjusted lower for the 75 mm sample tubes
than for the 100 mm sample tubes, since the bottoms of the sample receptacles are seated at the
same depth in the recess of their respective sample receptacle holders.

00197 In another feature, the sensor may be disposed at an input station for loading the
samiple receptacle onto the system. The input station may include a receptacle rack configured to
hold a plurality of sample receptacles and a gripper robot configured to remove the sample
receptacle from the rack.

00201 In yvet another aspect, the automated system may also include a detector configured to
determine one or more physical characteristics of the sample receptacle, for instance, a height, a
diameter, a shape, and/or the presence or absence of a cap on the sample receptacle. The
detector may be any suitable detector, such as a laser or an 1maging device.

(0021 o still another aspect, the controller may be configured to deterruine a volume of the
fluid contained within the sample receptacle based on at least one of the one or more physical
characteristics of the sample receptacie and the level of the fluid contained within the sample
receptacle. For instance, the physical characteristics may include a height and diameter of the
sample receptacle, such that the controller can determine a volume of the fluid based on the
height and diameter of the sample receptacte and the fluid level (e g, the volume of the fluid is
the volume of the entire sample receptacle minus the volume of the receptacle above the fluid

fevel}. If the shape of the bottom of the sample receptacle is other than flat, then the shape of the
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bottom of the receptacle is another physical characteristic that may be considered in determining
the volume of the fluid 1n the sample receptacie.

(00221 In one aspect, the auwtomated system may also comprise a respective sample
receptacle holder for supporting the sample receptacle, such that an upper portion of the sample
receptacle terminating at the rim ts situated above the sample receptacle holder. The automated
system may be configured to transport the sample receptacle holder (and any associated sample
receptacle) within the austomated system.

[0023] In additional features, the sample receptacle holder may include a recess configured
o seat the closed botiom of the sample receptacle, and/or the sample receptacle may be a
generaily cylindrical puck with the recess being formed in a base of the puck. In another aspect,
the receptacle holder may include a plurality of fingers extending vpwardly from the puck, the
fingers betng configured to support the sample receptacle in a generally vertical orientation.
00247 In still another aspect, the automated system also includes an automated conveyor
configured fo transport sample receptacle holders between respective stations of the system. For
instance, the stations may include an analyzer configured to perform an analytical procedure with
the fluid, such as a molecular assay or other suitable assay. In such case, the sensor may be
configured to obtain the sequence of discrete surface distance measurements while the sample
receptacle holder 1s supported by the conveyor.

[00251 In still another feature, the controller may be configured to also determine from the
sensor output signal an orientation of the sample receptacle relative to the sample receptacle
holder. For example, the sample receptacle may be tilted relative to the vertical axis of the
sample receptacle holder. The orientation may include a tilt angle of the sample receptacle
relative to the vertical axis of the sample receptacle holder. An excessive tilt angle may be an
error condition, and the systenmy may be configured to transport the sample receptacle from the
samiple receptacle holder to a quarantine area wheu the tilt angle 15 greater than a predetermined
tilt angle.

[0026] In still another aspect, the sequence of discrete surface distance measurements may
inchuide (1) a plurality of distance measurements between the sensor and a first portion of the rim
{first rim measurements), and (i1) a plurality of distance measurements between the sensor and a
second portion of the rim (second rim measurements), and the controller may be configured to

determine the tilt angle of the sample receptacle relative to the vertical axis of the sample
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receptacle holder from a difference between the first rimy measurements and the second rim
measurements,

00271 In another aspect, the sequence of discrete measurements of distance includes a
plurality of distance measurements between the sensor and the one or more surfaces of the
sample receptacle, including multiple distance measurements between the sensor and the rim
{referred to as “rim measurements”}, and a plurality of distance measurements between the
sensor and the surface of the tlnd (referred to as “fluid weasurements”).  Further, the controller
may be configured to utilize the muitiple rim measurements and multiple fluid measurements to
determine the fluid fevel in the sample receptacle relative to the riva. For example, the controller
may be configured to determine an average rim distance based on the plurality of rim
measurements, an average thud distance based on the plurality of fluid measurements, and
determine the fluid level as the difference between the average fluid distance and the average rim
distance.

(002381 In still another aspect, the controller may be configured to identify which of the
discrete surface distance measurements of the sequence of measurements are rim measurements
and which measurements of the sequence of discrete surface distance measurements are fluid
measurements. In one way, the controller is configured to identify one or more edges of the rim
by analyzing a rate of change of the distances in the sequence of measurements. For example,
the controller may identify the edges of the rim as measurements that correspond to peaks of the
rate of change, and the measurements between the peaks are either rim measurements or fluid
measurements.  Alternatively, the controller may determine which of the measurements are rim
measurements and which are fluid measurements by identifying the measurements where the rate
of change of the distances in the sequence of measurements are within a threshold window (i e,
below a maximum absolute value).

[0029] In still another aspect, the controller may also be configured to determine which
measurements in the sequence of measurements correspond to each of a first portion of the rim
(i.e., rim measurements of first portion of rim), the top surface of the fluid, and a second portion
of the rim {i.e., rim measurements of second portion of rim) opposite the first portion of the nim,
respectively.  The controlier may utilize the edge finding techniques described above to make
these determinations. Then, the controller may determine the fluid level based on averages of

the rim measurements for the first portion of the rim, the rim measurements for the second
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portion of the rim, and the fluid measurements. In other words, the controller determines an
average of the rnim measurements for the first portion of the nm, an average the nm
measurements for the second portion of rim, and an average of the fluid measurements. The
controler 1s further configured to determine the tluid level as the average of the average of the
rim measurements for the first portion of nim and the average of the rim measurements for the
second portion of rim, minus the average distance to top surtace of the fluid.

(00301 In vet another aspect, the system may be configured to (1) transport the sample
receptacle to a quarantine area when the level of the fluid contained within the sample receptacle
relative to the rim is determined to be outside of a predetermined range or above a predetermined
fevel, and (it) release the sample receptacle for subsequent processing on the system, including
performing an assay with the fluid, when the level of the fluid contained within the sample
receptacle relative to the rim is determined 1o be within the predetermingd range or below the
predetermined level

(00311 Another embodiment of this disclosure 18 directed to a method for detecting a level
of a fluid sample contained in a sample receptacle. The sample receptacle has a closed bottom
and a receptacte wall extending from the closed bottom to a rim defining an open top of the
sample receptacle. The method may be performed on the automated system described herein, or
other suitable system. The method includes periodically measuring a distance between a sensor
and (i} one or more surfaces of the sample recepiaclie and (i) a surface of the fluid contained
within the sample receptacle while moving at least one of the sensor and the sample receptacle
relative to the other to thereby obtain a sequence of discrete measurements of distances between
(i} the sensor and the one or more surfaces of the sample receptacle, including measuring a
distance between the sensor and the rim of the sample receptacle and (i1} the sevsor aund the
surface of the tluid contained within the sample receptacle.

100321 An output signal from the sensor comprising a digital representation of the sequence
of discrete surface distance measurements 1s processed to thereby determine a level of the flwd
contained within the sample receptacle relative to the rim of the sample receptacle (1.e, a fluid
fevel or headspace).

[0033] In still ancther aspect of the method, the sensor may be mounted on a linear translator
that moves the sensor relative to the sample receptacle for obtaining the sequence of discrete

surface distance measurements. In another aspect, the sensor may be fixedly mounted relative to
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the sample receptacle, such that the sample receptacie moves relative to the sensor during the
step of obtaining the sequence of measurements,

[0034] In another aspect, the method includes inserting the sample receptacle into a sample
receptacle holder. The sample receptacle holder is configured to support the sample receptacle
in a generally upright orientation, such that an upper portion of the receptacle wall terminating at
the rim ts situated above the sample receptacle holder.

[0035] In avother aspect, the step of iuserting the sample receptacle into the sample
receptacle holder may include seating the closed bottom of the sample receptacie in a recess of
the sample receptacie holder. The sample receptacle holder may be a generally eylindrical puck,
and the recess may be formed in a base of the puck. In addition, the receptacie holder may
further mclude a plurality of fingers extending upwardly from the puck, the fingers being
configured to support the sample receptacle in a generally vertical orientation.

[00306] In still another aspect, the sample receptacle holder may be positioned on an
automated conveyor during the step of inserting the sample receptacle into the sample receptacle
holder. The conveyor may be configured to transport the sample receptacie holder between
respective stations of a sample processing systems.  The stations may include an analyzer
configured to perform an analytical procedure with the thud, such as a molecular assay or other
suitable assay. Furthermore, the sequence of measurements may be obtained while the sample
receptacle holder is positioned on the automated conveyor.

(00371 In another aspect, prior to the step of inserting the sample receptacle into the sample
receptacle holder, the method includes loading a receptacle rack holding the sample receptacie
into an input station of the sample processing systern, where the receptacie rack is configured to
hold a plurality of sarmple receptacles. After loading the sample rack nto the input station, the
method may further include removing the sample receptacle from the sample receptacie rack
with a gripper robot and performing the 1nsertion step with the gripper robot. o still avother
aspect, the sensor may be disposed at the input station.

[0038] In yet another aspect, the step of processing the output signal also includes
determining an origntation of the sample receptacle relative to the sample receptacle holder. For
instance, the orientation may be a tilt angle of the sample receptacle relative to the vertical axis
of the sample receptacle holder. In another feature, the method further includes transporting the

sample receptacle to a quarantine area if the tilt angle is greater than a predetermined tlt angle.
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00397 In yet another aspect, the sequence of discrete surface distance measurements
includes (1} a plurality of distance measurements between the sensor and a first portion of the rim
{(first rim measurements), and (i1} a plurality of distance measurements between the sensor and a
second portion of the rim (second rim measurements), and the method may further include the
step of determining the tilt angle of the sample receptacle relative to the vertical axis of the
sample receptacle holder from a difference between the first rim measurements and the second
rimn Measurements.

[0040] In another aspect of the method, the sensor is an ultrasound sensor.

(00411 In another aspect, the method further includes determining one or more physical
characteristics of the sample receptacle. For example, the physical characteristics may nclude
one or more of a height, a diameter, a shape and/or the presence or absence of a cap. In anocther
aspect, the one or more physical characteristics are determined with a laser, an imaging device,
and/or other suitable detector.

(00421 In still another aspect, the siep of processing the output signal further includes
determining a volume of the fluid contained within the sample receptaclie based on the one or
more physical characieristics of the sample receptacle and the level of the fluid contained within
the sample receptacle.

[0043] In ancther aspect, the method also includes reading machine-readable indicia on the
sample receptacle, typically while the sample receptacle is at a location for obtaining the
sequence of discrete surface distance measurements.

[0044] In another aspect, the method further includes transporting the sample receptacle to a
quarantine area when the level of the fluid contained within the sample receptacle 1s determined
to be outside of a predetermined range or above a predetermined level. In addition, the method
may also include releasing the sample receptacle for processing when the level of the fluid
contained within the sample receptacle is determived to be within a predetermuned range or
below a predetermined level.

00457 In another feature, the method includes, during the step of obtaining the sequence of
surface distance measurements, adjusting a vertical position of the sensor using a vertical
transiator supporting the sensor to position the sensor within a predetermined distance or

measuring range from the rim of the sample receptacle.
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00461 In another aspect of the method, the sequence of measurements is obtained by the
sensor at a rate of 10-20 measurements per second. In another aspect, the seqguence of
measurements s obtained with the sensor and sample receptacle holder moving relative to one
another at a rate of from 2. Smm/second to 10mm/second.

[00471 In another aspect, the method further includes, after the step of processing the output
signal, transporting the sample receptacle to an analyzer, removing an aliquot of the fluid from
the sample receptacle and transferring it to a reaction receptacle contained within the analyzer,
and performing an analytical procedure with the aliquot of the fluid. The analytical procedure
may be a molecular assay or other suitable assay. In another aspect, the sample receptacle may
be a sample tube.

[0048] Accordingly, this disclosure provides automated systems and methods for processing
a fluid sample in a sample receptacle to measure and determine one or more dimensional features
of the fluid sample and sample receptacie, such as a fluid level, physical dimensions of the

sample receptacle, and/or a volume of the fluid sample.

BRIEF DESCRIPTION OF THE DRAWINGS
00491 The foregoing and other aspects of embodiments are described in further detail with
reference to the accompanying drawings, wherein like reference numerals refer to like elements
and the description for like elements shall be applicable for all described embodiments wherever
relevaot:
FO050] Fig. 1 is a schematic illustration of an exemplary automated system for processing
flurd samples contained 1 sample receptacies;
[0051] Fig. 2A is side view of an exemplary sample receptacle in the form of a sample tube
and a cap;
[O052] Fig. 2B 1s a cross-section of the sample receptacle of Fig. 24,
[0053] Fig 3 is a perspective, front view of an exemplary sample receptacle holder;
[0054] Fig. 4 is a schematic illustration of an exemplary input station of the automated
system of Fig. 1,
(00557 Fig. 5 1s a back, perspective view of an exemplary input station identified in Fig 1,
showing a sample receptacle detector system and a fluid measuring system;
[0056] Fig. 6 1s the back, perspective view of the input station of Fig. S, showing a sample

receptacle in the fluid measuring systen;
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FO057T] Fig. 7 is the back, perspective view of the input station of Fig. 6, showing a distance
sensor of the fluid level measuring system in a position for taking distance measurements;

[0058] Fig. 8 is an illustration depicting a method for determining a fluid level relative to a
rim of a sample receptacle using the automated system of Fig. 1, in an exemplary embodiment;
00591 Fig. 9 1s an illustration depicting an algorithm for determining a fluid level relative to
a rim of a sample receptacle using the automated system of Fig. 1, in an exemplary embodiment;
[0060] Fig. 10 is an illustration depicting an algorithm for determining a fhuid level relative

to a rim of a sample receptacie using the automated system of Fig. 1, in another exemplary

3

embodiment,

DETAILED DESCRIPTION

[0061] Unless defined otherwise, all terms of art, notations and other scientific terms or
terminology used herein have the same meaning as 18 commounly understood by one of ordinary
skill in the art to which this disclosure belongs. All patents, applications, published applications
and other publications referred to herein are incorporated by reference in their entirety. If a
definition set forth in this disclosure is contrary to, or otherwise inconsistent with, a definition in
these references, the definition set forth in this disclosure prevails over the definitions that are
incorporated herein by reference. None of the references described or referenced herein is
admitted to be prior art to the current disclosure.

(00621 References in the specification to “one embodiment,” “an embodiment,” a “further

37 5

embodiment,” “an example embodiment,” “some aspects,” “a further aspect,” “aspects,” etc.,
indicate that the embodiment described may include a particular feature, structure, or
characteristic, but every embodiment may not necessarily include the particular feature,
structure, or characteristic.  Moreover, such phrases are not necessarily referring to the same
embodiment. Further, when a particular feature, structure, or characteristic i1s described in
connection with an embodiment, such feature, structure, or characteristic is also a description in
connection with other embodiments whether or not explicitly described.  As used herein, “a” or
“an” means “at least one” or “one or more.”

(00631 As used herein, the term “sample” refers to any substance suspected of containing at
feast one analyte of interest. The analvte of interest may be, for example, a nucleic acid, a
protein, a prion, a chemical, or the ke The substance may be derived from any source,

including an animal, an industrial process, the environment, a water source, a food product, or a
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solid surface {e.g, surface in a medical facility}. Substances obtained from animals may include,
for example, blood or blood products, urine, mucous, sputum, saliva, semen, tears, pus, stool,
nasopharyngeal or genitourinary specimen obtained with a swab or other collective device, and
other bodily fluids or materials. The term “sample” will be understood to mean a specimen in its
native form or to any stage of processing.

00641 As used herein, the term “receptacle” refers to any type of fluid container, including,
for example, a tube, vial, cuvette, cartridge, microtiter plate, etc., that is configured to coniain a
sample or ancther fluid (collectively referred to herein as fluid). Non-limiting examples of
exeraplary receptacles wclude, for example, Aptima® urine specirnen transport tube, Aptima®
specimen transfer tube, BD Vacutainer®, eic.

F00651 As used herein, the term “gripper robot” refers to an electromechanical device, such
as a pick-and-place device, that translates a receptacle in the X, Y, and/or Z directions.

[0060] As used herein, the term “conveyor” refers to a mechanical apparatus for transporting
articles {e.g., receptacles) from one location to another along a defined path. Non-limtting
examples of exemplary convevors include robots, belts (such as, for example, 2 moving belt, a
shuttie/carriage moving on a track, rail, belt, eic), magnetic devices, gear systems, cable
systems, vacuum systems, automated cars with wheels, etc.

(00671 As used herein, the term “assay” refers to a procedure for detecting and/or
quantifying an analyte in a sample. A sample comprising or suspected of comprising the analyte
18 contacted with one or more reagents and subjected to conditions permissive for generating a
detectable signal informative of whether the analyte is present or the amount (g.g., mass or
concentration} of analyte in the sample.

[0068] As used berein, the term “analyzer” refers to an avtomated instrument that is capable
of performing one or more steps of an assay, including the step of determining the presence or
absence of one or more analytes suspected of being present in a fluid sample.

[0069] As used herein, the term “analyte” refers to a molecule present or suspected of being
present in a sample and which 1s targeted for detection in an assay. Exemplary types of analytes
include biological macromolecuies such as nucleic acids, polypeptides, and prions.

[00701 As used herein, the term “molecular assay” refers to a procedure for specifically
detecting and/or quantifying a target molecule, such as a target nucleic acid. A sample

comprising or suspected of comprising the target molecule is contacted with one or more
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reagents, including at least one reagent specific for the target molecule, and subiected to
conditions pernussive for generating a detectable signal informative of whether the target
molecule is present. For example, where the molecular assay is Polymerase Chain Reaction
(PCR}, the reagents include primers specific for the target and the generation of a detectable
signal can be accomplished at least in part by providing a labeled probe that hybridizes to the
amplicon produced by the primers in the presence of the target. Alternatively, the reagents can
include an intercalating dye for detecting the formation of double-stranded nucleic acids.

[0071] As used herein, the term “reagent” refers to any substance or combination thereof that
participates 1o a molecular assay, other than sample material and products of the assay.
Exemplary reagents include nucleotides, enzymes, primers, probes, and salts.

[00721 Fig 1 illustrates a schematic view of an automated system 100 for processing a fluid
sample 102 {see Fig. 2} contained in a sample receptacle 104, In this exemplary embodiment,
the automated systern 100 is configured to process multiple sample receptacles 104, The
automated system 100 1ncludes a plurality of stations 106, wncluding an nput station 106a, an
cutput station 106b, a decapping station 106¢, a sample prep station 1064, one or more analyzer
stations 106e (two analyzer stations 106e are illustrated, although any suitable mumber of
analyzer stations 106e may be emploved in the automated system 100, including only one), a
capping station 106g, and a storage station 106h.  The automated system 100 may have any
different numbers and types of stations 106 suitable for the intended use of the system 100,
including having more than one of each type of station 106, The automated system 100 also
includes an automated conveyor systerm 108 which is configured to connect each of the stations
106 and to transport the sample receptacles 104 between the stations 106, Exemplary conveyor
systems inchude those described 1n U.S. Patent Nos. 9,766,258 and 9,776,811,

[0073] In the tllustrated embodiment, the automated system 100 is configured to utilize
sample tubes 104 (e g, test tubes) as the sample receptacles 104, An exemplary sample tube 104
is shown in Figs. 2A and 2B. The sample wbe 104 15 a cylindrical tube having a closed
bottom 110, and a cyhindrical receptacle wall 112 extending from the closed bottom 110 to a
rim 114, The rimy 114 defines an open top 116 of the sample tube 104. The sample tube 104
may have a threaded top portion 109 for attaching a cap 107 having mating threads. The sample
receptacles 104 may be any suitable fluid sample receptacle having a closed bottom and a rim

defining an open top. For instance, the sample receptacle 104 may be any other suitable fluid

~
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receptacle having a suitable shape and size. The sample tube 104 contains a fhud sample 102
having a top surface 103

[0074] The automated system 100 utilizes a sample receptacle holder 118 1o hold and
transport the sample receptacle 104 around system 100. Fig 3 idlustrates an exemplary sample
receptacle holder 118, The sample receptacie holder 118 1s in the form of a generally cylindrical
puck 120 having a cylindrical base 122. An exemplary puck is described in U.S. Provisional
Application No. 62/891,728 and UK Patent Application No. 17/003,754. The base 122 of the
puck 120 has a recess 125 which seats the closed botton 110 of the sample receptacle 104, The
base 122 may also have one or more grooves 123 configured to receive and shde along a pair of
opposed rails of a conveyor track 119, The puck 120 also has a plurality of fingers 124
extending upwardly from the base 122 which are configured to support the sample receptacle
104 w a vertical ortentation. The fingers 124 are arranged in a circular pattern to match the
cylindrical shape of the sample receptacle 104, The fingers 124 extend to a point below the rim
114 of the sample receptacle 104 such that an upper portion 126 of the sample receptacle 104,
including the rim 114, is above the fingers 124 and exposed. Top portion 128 of the fingers 124
are tapered wnwardly from the top to provide a guide while 1userting a sample receptacle 104
between the fingers 124 of the puck 120. The tapered top portion 128 also aids in deflecting the
fingers 124 when sample receptacles 104 are inserted into the sample receptacle holder 118, The
input station 106a has a sample receptacie handling system 130a which is configured to remove
sample receptacles 104 from a sample receptacle rack 111 supporting a plurality of sample
receptacles 104 and to transfer them into respective sample receptacle holders 118

[0075] The automated system 100 has a computerized controller 105 wiuch controls the
operation of each of the components in order to integrate and coordinate the components
involved in processing the fluid sample 102 contained in the sample receptacle 104, inchuding for
example, determining a level of the fluid sample 102 in the sample receptacle 104, determining
whether to quarantine the sample receptacle 104, and/or performing one or more analytical
procedures on the fluid sample 102, The controller 10S may include a main controller 1051 and
one or more sub-system controlfers. For example, each station 106 may have a corresponding
sub-systern controller 105 for controlling the respective station 106 and also coordinating with
the main controller 1031 and other sub-system controliers 105, Thus, the input station 1063 has

an input station controlier 1035z, the output station 106b has an cutput station controller 105b, the
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decapping station 106¢ has a decapping station controlier 105¢, the sample prep station 106d has
a sample prep station controller 105d, the first analyzer station 106¢ has a first analyzer station
controller 105¢1, the second analyzer station 106e has a second analyzer station controller
105¢2, the capping station 1006g¢ has a capping station controller 105g, the storage station has a
storage station controller 105h, the conveyor system 108 has a conveyor controller 105, The
main controller 1051 may be configured to address high level routing logic for each sample 102,
In other words, 1t may only dictate a path or workflow through the system 100, such as a path
including station 106a, station 106¢, at least one station 100e, station 106g, and station 106h. The
conveyor controller 105] may be configured to manage all the details on bow to physically route
each fluid sample 102 (and the sample receptacle 104 contamning the respective fluid sample 102

to all the station 106 as dictated by main controller 1051, The individual controllers 105 within
the stations 106, are at the lowest level and monitor and control all the components of the of
respective stations, including sensors, motors and actuators, etc.

[0076] The stations 106 and conveyor system 108 are configured to handle and transport the
sample receptacie holder 118, and a sample receptacle 104 received in the sample receptacle
holder 118 (referred to coliectively as a loaded sample receptacie holder 118), around the
automated system 100, The conveyor system 108 transports the loaded sample receptacle holder
118 between stations 106 of the automated system 100, The avtomated conveyor systerm 108 i
controlled by the conveyor controller 105;.

100771 The conveyor system 108 may bhe any apparatus for conveying or otherwise
facilitating the transportation of loaded sample receptacle holders 118 between stations 106
along a defined path.  In the illustrated erbodiment, the conveyor system 108 includes a
conveyor track 119, and the conveyor controller 105]. The conveyor system 108 uses the
conveyor track 119, which includes a main conveyor line 184, a plurality of branch lines 182,
respectively associated with each station 106, and one or more recirculation toops that wcludes
return lines 184a, 184b. The conveyor system 108 may be formed of any other suitable
conveyors, such as robots, belts (such as, for example, a moving belt, a shuttle/carriage moving
on a track, rail, etc.}, magnetic devices, gear systems, cable systems, vacuum systems, automated
cars with wheels, or other systems for controllably transporting loaded sample receptacle holders

118 between the stations 106,
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[O078] The main conveyor line 184 serves as the primary line for transporting the loaded
sample receptacle holders 118 between the different stations 106 of the automated system 100, In
the illustrated embodiment, the main conveyor line 184 has a closed geometric shape (e.g,
rectangular) that facilitates umdirectional movement of the loaded sample receptacle
holders 118, In alternative embodiments, the matn conveyor ling 184 may be linear and/or
bidirectional.

[0079] Hach of the branch lines 182 can be used as a buffer queue for receiving and queueing
one or more loaded sample receptacle holders 118 to be processed at the particular station 106,
The return hines 184a, 184b form closed inner loops which allow the loaded sample receptacle
holders 118 to circulate while they await access to one or more of the stations 106, For example,
if a branch line 182 of a station 106 has a full queue of loaded sample receptacle holders 118, a
foaded sample receptacle holder 118 waiting to be processed at such station 106 may be
circulated on inner loop 184a or 184b until the queue of the branch line 182 has available space.
0080 The conveyor controlier 1057 is configured for controlling the functions of the
conveyor system 108, such as transporting the loaded sample receptacle holders 118 between the
stations 106 of the avtomated system 100, The main controller 1051 may communicate with the
conveyor controller 1057 to instruct the conveyor controller 105 on the path each sample
receptacle holder 118 is to be routed. Accordingly, the conveyor controller 105 may control the
stations 106 to which the loaded sample receptacle holders 118 are transported and which
stations 106 will be bypassed by the loaded sample receptacle holders 118, The conveyor
controfler 105) may communicate directly with each of the individual station controllers 105 to
manage the workflow path of each sample receptacle holder 118,

0081 Each statton 106 is configured to receive, handle, and move the sample receptacle
holder 118 and/or sample receptacle 104 within the respective station 106, For example, at least
a portion of the stations 100 may nclude a respective sample receptacie bandling system 130 for
moving and/or manipulating the sample receptacle holders 118 and/or sample receptacles 104
within the respective stations 106, The receptacle handling systern 130 may include a gripper
robot, such as a pick-and-place device, or other type of transporter(s}.

[00821 Generally speaking, the input station 106a serves to receive and load sample
receptacles 104 containing fluid samples 102 onto the automated system 100, The input

station 100a is configured to be loaded with receptacle racks 111, each of which supports a
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plurality of sample receptacles 104 containing fluid samples 102, and to load the sample
receptacles 104 onto the conveyor system 108, The receptacle racks 111 may be configured to
hold any suitable number of sample receptacles 104, such as 50-500, 10-100, 16-50, etc., sample
receptacles 104 per rack 111, The wnput station 106a 1s described in greater detail below.

[0083] Hach analyzer station 106¢ is configured for processing the fluid samples 102
contained in the sample receptacles 104 by performing analytical tests on at least an aliquot of
the specimens. Such tests may nclude molecular tests {e.g, nucleic acid-based assays),
sequencing assays, immunoassays, chemical analyses, etc. Non-limiting examples of such
analyzer stations 106e include automated analyzers such as, e.g., the TIGRIS®, PANTHER®,
and PANTHER FUSION® systems sold by Hologie, Inc., Marlborough, Mass. In the illustrated
embodiment, each analyzer station 106e may be contigured for receiving sample receptacles 104
via automated loading (using the conveyor system 108) or manual foading through a sample bay
(not shown). An example of automated loading of sample receptacles is described in US,
Provisional Application No. 62/951,019.

00841 The analyzer stations 106e may be specialized or redundant to allow higher
throughput of analytical tasks on the fluid samples 102 contained in the sample receptacles 104
Typically, an analyzer station 106e extracts a liquid or liquified fluid sample 102 from a sample
receptacle 104 and combines the fluid sample 102 with reagents in reaction vessels, such as
cuvettes, tubes, vials, microtiter plates, etc., after which the vessels may be sealed, capped or
otherwise closed. After combining the specimens with the reagents, the contents of the reaction
vessels are subjected to a series of test conditions.

[0085] The sarmple prep station 1064 15 configured to prepare a fluid sample 102 contained in
a sample receptacte 104 for testing 10 one or more of the analyzer stations 106e. For instance,
the sample prep station 106d may be an aliquoting module configured for transferring a portion
of fluid sample 102 from one type of samwple receptacle (e.g., a receptacle having a different
shape than sample receptacle 104) to another type of sample receptacle {e.g., sample receptacle
104) for use by at least one of the analyzer stations 106 to perform a test on the transterred fluid
sample 102, An exemplary aliquoting moduie is described in US. Patent No. 9,335,336, The
sample prep station 106 may also combine a fluid sample 102 {or portion thereot) with reagents
from another receptacie {e.g., a bulk reagent receptacle), in order to prepare the fluid sample 102

for testing in at least one of the analyzer stations 106. Thus, the sample prep station 106d may
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include one or more pipettors {(not shown) that aspirate and dispense fluid sample 102 and/or
reagents. A non-limiting example of a sample prep station 106d 15 the TOMCAT® instrument
sold by Hologic, Inc., Martborough, Mass.

[0086] The storage station 106h 1s configured to automatically load, store, and unload sample
receptacles 104, for example, completed sample receptacles 104 {(i.e, sample receptacles 104
containing fhud samples 102 for which the workflow has been completed), and/or sample
receptacles 104 containiog fluid samples 102 that are tested in low frequency until there are a
sufficient number of such fluid samples 102 for testing. The storage station 106k is configured to
handle and store a plurality of receptacle racks 111 {or other receptacle racks configured to hold
a plurality of sample receptacles 104). Some racks 111 may be filled to capacity with sample
receptacles 104, while others may have openings for receiving additional sample receptacles 104
to be stored in the storage station106h. A sample receptacle handling system 130h of the storage
station 106h is configured to transfer a sample receptacle 104 from saraple receptacle holder 118
on the conveyor systern 108 into a receptacte rack 111 within the storage system 106h 1u order to
store such sample receptacle 104,  The sample receptacle handling system 130h is also
configured to iransfer a stored sample receptacle 104 from a receptacle rack 111 within the
storage system 106 into a sample receptacie holder 118 in order to load such sample receptacle
104 onto the conveyor system 108 for further processing. An exemplary storage station, as well
as other features of an automated system for processing a thud sample, are disclosed n US
Provisional Application No. 63/014,624, filed on April 23, 2020. The decapping station 106¢ is
configured for removing caps 107 from the sample receptacles 104 (one example is shown o
Fig. 2A} prior to processing the fluid samples 102 contained therein. Examples of suitable
decapping stations are described 1n U8, Patent Nos. 6,321,619 and 7,152,504, In the illustrated
embodiment, the decapping station 106¢ is situated along the conveyor 108 before the sample
prep station 106d and analyzer stations 106e. The decapping station 106¢ may be capable of
removing different types of caps from capped sample receptacles 104 and, in some
embodiments, the decapping station 106¢ may be capable of removing only a single type of cap
107 from the sample receptacles 104, In the latter case, muitiple decapping stations 106¢, each
being capable of removing a different type of cap 107 from capped sample receptacies 104, may
be provided along the conveyor system 108 In addition, the sample receptacles 104 may have

pierceable caps (not shown}, and such sample receptacles 104 may bypass or pass through the
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decapping station 106¢ and be transported directly to the sample prep station 106d and/or
analyzer stations 106e for processing.

[0087] The capping station 106g is configured for installing caps 107 {e.g, replacement caps
or stoppers} onto open-ended sample receptacles 104, for example, after extracting fluid samples
from the sample receptactes 104 in the analyzer stations 106e. Examples of suitable capping
stations are described in US. Patent Nos. 6,321,619 and 7,152,504,  1In the illustrated
embodiment, the capping station 106g is situated along the conveyor sysiern 108 between the
analyzer stations 106e on the one side and the storage station 106h and the cutput station 106b
on the other side. The capping station 106g may be capable of 1ustalling different types of caps
107 to open-ended sample receptacies 104 and, in some embodiments, the capping station 106g
may be capable of coupling only a single type of cap 107 to the open-ended sample receptacles
104, In the latter case, multiple capping stations 106g, each being capabie of installing a different
type of cap 107 to open-ended sample receptacles 104, may be provided along the conveyor
systern 108 Sample receptacles 104 may have pierceable caps (not shown) and such sample
receptacles 104 may bypass or pass through the capping station 106g en route to the storage
station 106h or the output station 106h.

[0088] The output station 106b is configured to receive sample receptacies 104 and remove
themn from the conveyor system 108, For example, the sample receptacles 104 may be unloaded
after their fluid samples 102 have been processed on the automated system 100, or because the
sample receptacle 104 is rejected, or for some other reason. The output station 106b is
configured to use a sample receptacle handling system 130b of the output station 106b to remove
sample receptacles 104 from their respective sample receptacle holders 118 on the conveyor
systemn 108 and place the sample receptacies 104 into receptacle racks 111 (or other receptacle
holders). Once the racks 111 are sufficiently filled with sample receptacles 104, the racks 111
may be removed from the output station 106, thereby removing the sample receptacles 104 from
the automated system 100

[0089] Referring to Figs. 1, 4 and 3, the input station 106a will now be described in more
detatl. The input station 106a is configured to load sample receptacles 104 containing fluid
samples 102 onto the automated system 100, In the illustrated embodiment, the sample
receptacles 104 containing fluid samples 102 are loaded into receptacle racks 111 configured to

hold a plurality of sample receptacles 104, The receptacte racks 111 may be configured to hold
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any suitable number of sample receptacles 104, such as 50-500, 10-100, 10-50, etc,, sample
receptacies 104 per rack 111, The receptacle racks 111 are loaded into the input station 106a
{e.g., manually or using a robotic system, not shown). The input station 106a has an input station
controller 105a which controls the operation of the nput station 106a. Once a sample receptacle
104 1s removed from a receptacle rack 111 in the input station 1063, it is inserted into a sample
receptacle holder 118 in the sample receptacle detector system 134, The sample receptacle is
characterized to determiune sample receptacle charactenistics for the sample receptacie 104 which
are used to generate sample receptacle data. For example, the input station 100a may determine
sample receptacle height, shape, diameter, bottom profile, bead space (if uncapped), and barcode
{3, The sample receptacle data may be transmitted to the conveyor controlier 105}, which may
convey the sample receptacle data up to the main controller 1051 for instructions. The main
controtler 1051 determines the open test orders for the sample receptacle 104, the main controller
1051 may transmit routing instructions for the sarmple receptacle 104 to conveyor controller 105
{00901 The mput station controller 105a 15 operably coupled to the componentis of the input
station 106a in order to receive data signals for the components, process the data signals, and
control the operation of the input station 1003 based on the data signals.

[0091] The input station sample receptacle handling system 130a of the input station 106a
includes a gripper robot 131 configured to remove the sample receptacles 104 from a receptacle
rack 111 and insert each sample receptacte 104 into a respective sample receptacie holder 118
The gripper robot 131 may be any suitable robot for removing sample receptacles 104 from a
receptacle rack 111 and inserting them into a sample receptacle holder 118, such as a pick-and-
place robot, or the like.

00921 As shown in Figs. 4-7, the 1nput station 106a has a sample receptacle detector system
134 configured to determine one or more physical characteristics of the sample receptacle 104
The sample receptacie detector system 134 includes one or more suitable detectors 136, which
preferably include at least one high-resolution detector capable of submillimeter resolution. The
at least one high-resolution detector 136 may be a wide laser measurement sensor {(e.g., the ZX-
GT Smart Sensor from OMRON® Corp.), a 21 laser profiler, an imaging device {e.g,, a CCD
sensor based camera or CMOS sensor camera), or a single point distance measurement sensor
{e.g., the Confocal Displacement Sensor CL-3000 Serigs from KEYENCEM! the detector

system 134 includes a high-resciution detector 136, then the high-resolution detector may be in
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addition to or in lieu of the array of light sensors 140, Unlike the array of light sensors 140, a
high resolution detector 136 may be used to detect a shape of the sample receptacle 104 or to
determine the dimensions of the sample receptacle 104

[0093] The sample receptacle detector system 134 may be positioned and configured to
detect physical characteristics of the sample receptacle 104 before the sample receptacle 104 is
inserted into the sample receptacle holder 118 or after it is inserted into the sample receptacle
holder 118 For instance, in the former case, the gripper robot 131 of input station 106a can
retrieve the sample receptacle from a receptacle rack and move the sample receptacle 104 into a
detection zone of the detector(s) 136, and the detector(s) 136 are activated to detect one or more
physical characteristics of the sample receptacle 104, In the latter, the loaded sample receptacle
holder 118 is moved into the detection zone of the detector(s) 136, and the detector(s) 136 are
activated to detect one or more physical characteristics of the sample receptacle 104, Ag
iltustrated in Fig. 4, in one embodiment the detectors 136 include an array of light sensors 140
arranged n vertical alignment, and receptacle the sample receptacle 104 18 placed in the
detection zone of the array of light sensors 140 in order to detect a height of the sample
receptacie 104, The light sensors 140a, 140b, and 140c may be reflective sensors with built-n
emitter/receiver, reflective fiber optical sensors, or the like. The sample receptacle detector
systern 134 can determine a height of the sample receptacle 104, among several different
expected heights, by determining which of light sensors 140a, 140b, and 140c¢ are interrupted by
a bottom portion of the sample receptacle 104 when the sample receptacle 104 1s inserted into the
detection zone of the array of light sensors 140.

[0094] By knowing the height of a sample receptacle 104, the corresponding volume
capacity of the sample receptacle 104 can also be known. As an example, tn order to determine
the volume capacity of a sample receptacle 104 from three differently sized sample receptacles
104, the sample receptacle detector system 134 can distinguish between a large test tube {e.g., a
100 mL test tube), a medium test tube {e g, a 75 mL test tube) and a small test tube (e.g., a 50
mbL test tube). To do this, the sample receptacle detector system 134 deternunes which of the
light sensors 140a, 140b, 140¢ is interrupted by the bottom portion of the sample receptacle 104
when the gripper robot 131 inserts the saraple receptacle 104 into the detection zone of the array
of light sensors 140, If the first light sensor 140a only is interrupted by the bottom portion of the

sample receptacle 104, then the sample receptacle detector system 134 determines that the

23



03 Mar 2026

2026201610

sample receptacle 104 is the small test tube. If light sensors 140a, 140b are interrupted by the
bottom portion of the sample receptacle 104, and light sensor 140¢ is not interrupted, then the
sample receptacle detector system 134 determines that the sample receptacle 104 is the medium
test tube. And if all three light sensor 140a, 140b, 140c¢ are interrupted by the bottom portion of
the sample receptacie 104, then the sample receptacle detector system 134 determines that the
sample receptacle 104 is the large test tube. The array of light sensors 140 can be configured to
determine a size {(i.e, volurue capacity) of any desired number “n” of different size sample
receptacles 104 by utilizing n-1 light sensors 140, where each size sample receptacle has a
different length.

RGORY When a wide laser measurement sensor is employed as the detector(s} 136, the
gripper robot 131 retrieves the sample receptacle 104 from a sample receptacie rack 111 located
in the input station 1003, laterally moves the sample receptacle 104 to a position above the
sample receptacle detector system 134, and then vertically lowers the sample receptacle 104 into
the detection zone of the wide laser measurement sensor. While in the detection zone, the wide
faser measurement sensor may detect the shape and/or determine the dimensions of the sample
receptaclie 104, The process is similar for an imaging device, except that the sarple receptacle
104 is positioned within the field of view of the imaging device {e g, camera), and the imaging
device obtains an image of the sample receptacle 104, The sample receptacle detector system
134 analyzes the image and may determine the shape and/or dimensions of the sample receptacle
104. The sample receptacle detector system 134 can use information about the shape and/or
dimensions of the sample receptacie 104 to determine the type of the sampie receptacle 104 (e.g.,
50 mL, 7S mL, or 100 mL tube), which is an indication of its volume capacity. The sample
receptacle detector systern 134 can also be used to deterroine other charactenstics of a sample
receptacle 104 filled with fluid sample 102, as described herein.

10096] With single point distance measurement sensor, the sensor 13 scanned across the
sample receptacle 104 to measure its diameter and/or any other features.

(00971 The sample receptacie detector system 134 may include one or more cap detectors
135 (the cap detectors 135 being positioned to detect caps 107 associated with sample
receptacies 104 of different sizes) to determine the presence or absence of a cap by determining
whether a sample tube 104 has a cap 107 secured to the open top 116 thereof. The cap detectors

135 may be reflective fiber optical sensors or other suitable sensor. The sample receptacie
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detector system 134 may also be configured to send an output signal representative of the cap
status of the sample tube 104 to the controller 10S.

[009¢€] The sample receptacle detector system 134 may also include a reader 137 configured
to read machine-readable indicia 139 (see Fig. 2B), such as a barcode, machine-readable text,
etc. on the sample receptacle 104,  Alternatively, the reader 137 may be located on {or is
otherwise associated with} a fluid level measuring system 144 of the input station 106a.

[0099] The fluid level measuring system 144 includes a distance sensor 146 configured to
measure distance from the sensor to a feature. The distance sensor 146 may be an ultrasound
sensor, such as the Series 9 ultrasonic sensors available from Baumer Eleciric AG,
Hummelstrasse 17, 8501 Frauenfeld, Switzerland, a laser sensor, or other suitable sensor. The
distance sensor 146, which may have a beam columnator 147, is oriented vertically downward
and measures a vertical distance from the distance sensor 140 1o a surface, such as the rim 114 of
the sample receptacle 104 (known or determined not to have a cap secured to the open end 116
of the sample receptacle 104), the top surface 103 of the fluid sample 102, or other desired
surface. The distance sensor 146 is highly accurate, preferably having a rescolution of not more
than 0.3 rom, and more preferably having a resolution of not more than 0.1 mm. This distance
sensor 146 is also fast, preferably having a response time of not more than 10 nulliseconds, more
preferably having a response time of not more than 7 milliseconds, and even more preferably
having a response time of not more than 5 milliseconds. Thus, the distance sensor 146 is capable
of taking numerous measurements in a short period of time, including periodically measuring a
distance to the measurement surfaces {i.¢, the rim 114 of the sample receptacle 104 and the
surface 103 of the fluid sample 102} as the distance sensor 146 1s controllably moved relative to
the sample receptacle 104, or the sample receptacle 104 15 controllably moved relative to the
distance sensor 146, to obtain a sequence of discrete measurements of distance between the
distance sensor 146 and the measurement surface. For example, the sequence of measurements
can be obtained by the distance sensor 146 at a rate of 10-20 measurements per second, 10-100
measurements per second, at least 10 measurements per second, or at least 50 measurements per
second. The fast response time of the distance sensor 146 also allows the distance sensor 140 to
be moved relative to the sample receptacie 104 at a relatively fast rate of from 2 Smm/second to

10mm/second, such that the distance sensor 140 can quickly obtain a sequence of measurements
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of the distances to the rim 114 and the fluid surface 103, such as in less than 10 seconds, less
than 7.5 seconds, or less than 3 seconds.

(0610017 The measurements may also be obtained by stopping the distance sensor 146 at
specific locations as it is moved laterally over the sample receptacle 104, or as the sample
receptacle 104 is moved laterally relative to the distance sensor 146. At each specific location,
several distance measurements are taken and averaged. This process may be performed by
scanning all ot any portion of the sample receptacie 104 and the fluid surface 103 (e g, obtaining
a half profile) that is sufficient to calculate the headspace 117.

FO0101]  The fluid level weasuring system 144 also includes a seusor interface 148 operably
coupled to the distance sensor 146. The sensor interface 148 may be a digital or analog interface
for communicating a representation of the surface distance measurements to the input station
controfler 105a. The distance sensor 146 and/or sensor interface 148 provide an cutput signal
representative of the distance measurements which is received by the input station controller
105a and/or the main controller 1051 The output signal may be a digital representation or an
analog representation.

(00102} In the embodiment of Figs. 1, 4 and S, the input station controller 105a 1s contigured
to controllably move the distance sensor 146 while the sample receptacle 104 {(and/or
corresponding sample receptacle holder 118) 1s stationary. In this embodiment, the distance
sensor 146 18 supported by a horizontal lingar translator 150, The horizontal linear translator 150
may be a linear stage which controllably moves the distance sensor 146 relative to a stationary
sample receptacle 104 and provides a horizontal stage position signal representing a horizontal
position of the stage 150, Accordingly, the horizontal position of the distance sensor 146 may be
determined from the horizontal stage position signal  The horizoutal linear translator 150 1s
operably coupled to the input station controller 1052 which controllably actuates the horizontal
finear translator 150 and receives the horizontal stage position signal.  The nput station
controller 105a is configured to process the horizontal stage position signal to determine a
horizontal position of the distance sensor 146.

(001031 In order to precisely position and orient the sampie receptacie 104 for performing a
measurement scan of the sample receptacle 104 and fluid sarple 102, the fluid level measuring
system 144 may also include a receptacie clamp 152 configured to grasp the sample receptacle

104 and center the sample receptacie 104 in a measurement position. The receptacle clamp 152
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positions a center of the sample receptacie 104 on a scanning axis 154 of the distance sensor 146
and horizontal hinear translator 150, This ensures that the distance sensor 146 consistently
measures the sample receptacles 104 along the center of the sample recepiacles 104, For
example, for sample tubes 104, as shown in Figs. 2A-2B, the distance sensor 146 scans along a
diameter of each sample tube 104, The receptacle clamp 152 is configured to orient the sample
receptacle 104 vertically, such that a center axis 157 of the sample receptacle 104 is generally
vertical during the measureroent scan. Nevertheless, it 1s possible for the sample receptacle 104
to be tilted at an angle relative to vertical when it is received within the sample receptacle
holder 118 should the receptacle clamp 152 ijmproperly grasp {(or not grasp) the sample
receptacle 104, Because of this possibility, a measurement scan may be performed using the
distance sensor 146 to (i) determine a level of fluid sample 102 relative to the rim 114 and/or (1)
determine a tilt angle of the sample receptacte 104, as describe herein.

[00104] The input station controller 105a 18 configured to operate the horizontal linear
translator 150 to position and move the distance seusor 146 aloung the scanning axis 154 over one
or more surfaces of the sample receptacie 104, including the rim 114, and the top surface 103 of
the fluid sample 102, As the distance sensor 146 is moved, the controller receives a horizontal
stage position signal representative of the position of the distance sensor 146, At the same time,
the input station controller 105a operates the distance sensor 140 to obtain a sequence of discrete
measurements between the distance sensor 146 and the one or more surfaces of the sample
receptacle 104 and the top surface 103 of the tluid sample 102, The distance sensor 146 and/or
sensor interface 148 outputs an cutput signal representative of the sequence of discrete
measurements.  The input station controller 105a receives and processes the horizontal stage
position signal and output signal to determine a level of fluid sample 102 relative to the rim 114
of the sample receptacle 104, as further described herein.

[00105]  The distance sensor 146 may also be supported by a vertical Hnear translator stage
156 that is operated by a stage motor 155 and moves the distance sensor 146 vertically relative to
the sample receptacle 104, The vertical linear translator 156 adjusts the position of the distance
sensor 140 so it 18 posttioned within a distance measuring range of the distance sensor 146, For
instance, the distance sensor 146 may have limitations on the distance from the measurement
surface at which it can measure a distance or at which it s more accurate. As an example, the

Series 9 ultrasonic sensors available from Baumer Electric AG have a measurement range from
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about 3 mm to about 150 mm. The vertical linear translator 156 may also be a linear stage which
controllably moves the distance sensor 146 vertically relative to the stationary sample receptacle
104 and provides a vertical stage position signal representing a vertical position of the stage.
Accordingly, the vertical position of the distance sensor 146 may be determined from the vertical
stage position signal. The vertical linear translator 156 is operably coupled to the controller 105a

which controllably actuates the vertical linear translator 156

(001061  Hence, the vertical linear translator 156 allows the automated system 100 to
accommodate different sized sarople receptacles 104 by adjusting the vertical position of the
distance sensor 146 to a pre-determined distance from the rim 114 of the sample receptacle 104
As described herein, the sample receptacie detector system 134 can determine the type, size
and/or shape of the sample receptacle 104, Once the system 100 determines the characteristics
of the sample receptacle 104 being measured, the vertical linear translator 156 may be operated
to adjust the vertical position of the distance sensor 146 to a predetermined position which
vertically positions the distance sensor 146 within the distance sensor’s measurement range of
the rim 114 of the sample receptacle 104, as well as the expected surface 103 of the fhud sample
102. In the above example regarding sample tubes 104 having heights of 100 mm and 75 mm,
for example, the vertical Hinear translator 18 adjusted to position the distance sensor 146 lower for
the 75 mam sample tube than for the 100 mm sample tube, since the bottom 110 of the sample
receptacles 104 are seated at the same position (1.e., height relative to the conveyor track 119} in
the recess 124 of their respective sample receptacle holders 118

10061071 Alternatively, the distance sensor 146 may be mounted 1n a fixed horizontal position
relative to the sample receptacle 104 and the sampie receptacie 104 1s moved relative to the
distance sensor 146 in order to obtain the sequence of distance measurements. For instance, the
sample receptacle 104 may be positioned on the conveyor system 108 and the counveyor
system 108 moves the sample conveyor relative to the fixed distance sensor 146 while the
distance sensor 146 obtains the sequence of distance measurements.

f00108] The sample receptacle detector system 134 is in communication with the input station
controller 105a and sends output signals representative of the physical characteristics of the
sample receptacle 104 to the input station controller 105a.

(0061091 The input station controller 105a 1s configured to receive and process the output

signals representative of the distance measurements from the fluid level measuring system 144
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and determine a level of fluid 102 in a sample receptacie 104 relative to the rim 114, Although in
the illustrated embodiment the input station controller 1052 receives and processes the output
signal of the fluid level measuring system 144, another controller 105, such as the main
controller 1051, ete., may be configured to do so. The input station controller 105a has a fluid
fevel software application 158 for analyzing the output signal of the distance measurements and
determining a level of fluid 102 relative to the rim 114, FHach of the distance measurements
referred to herein is weasured by the distance sensor 146, which provides an output signal
representative of the distance between the measured feature and the distance sensor 146.

[001101  In one embodiment, the fluid level software application 158 is configured to
determine the fluid level relative to the rim 114 by a difference of a distance measurement to the
top surface 103 of the fluid 102 (referred to as a “fluid measurement”) and a distance
measurenent to the rim 114 of the sample receptacle 104 (referred 1o as a “rim measurement”}.
[00111]  Referring to Fig. 8, in another embodiment, the fluid level software application 158 1s
configured to determine the fluid level relative to the tim 114 using an average of multiple fluid
measurements and an average of multiple rim measurements. As described herein, the
automated system 100 13 configured to controllably move at least one of the distance sensor 146
or the sample receptacle 104 relative to the other while the distance sensor 146 pericdically
measures a distance between the sensor 146 and (i) one or more surfaces of the sample receptacle
104 and (11} a surface 103 of a fluid 102 contained within the sample receptacle to obtain a
sequence of discrete surface distance measurements including a plurality of fluid measurements
{at different locations of the top surface 103} and a plurality of rim measurements {at different
locations of the rim 114). The controller 1052 receives the sequence of fluid measurements and
rim measurements. Also, as the distance sensor 146 or sample recepiacle 104 1s moved relative
to the other {or both the distance sensor 146 and the sample receptacie 104 move relative to each
other), and the sequence of discrete measurements 1s being taken, the controller 105a is receiving
the horizontal stage position signal and output signal of the distance sensor 146, The controlier
105a associates each distance measurement to a sensor position such that the controller 105 is
able to generate a distance measurement profile 160 of the measurements. Fig. & illusirates an
exemplary distance measurement profile 160 which plots the distance measurement versus the
measurement position.  As shown in Fig. B, the distance sensor 146 initiates scanning from a

position to the left of the open top 116 of the sample receptacle 104 and takes a plurality of
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measurements 162 depicted at the left side of the profile 160. As the distance sensor 146 moves
to the right relative to the sample receptacle 104 (the direction the distance sensor 146 moves is
not critical}, the distance sensor 140 takes a plurality of first rum measurements 164 for a first
side of the rim 114, Moving further to the right, the distance sensor 146 takes a plurality of fluid
measurements 166, Continuing to the right, the distance sensor 146 takes a plurality of second
rim measurements 168 for the second side of the rim 114 opposite the first side of the im 114.
(00112}  The fluid level software application 158 is configured to determine the relative fluid
fevel 117 {also referred to as relative fhwid level 117 or “headspace 1177} by determining an
average of the first and second rim weasurements 164, 168 and an average of the fluid
measurements 106, The fluid level software application 158 determines the relative fhuid level
117 as the fluid measurements average minus the rim measurements average.

[006113] K may be noted 1o FIG. B that the first rim measurements 164 actually begin to the
left of the first side of the rim 114 and end to the right of the first side of the rim 114, Similarly,
the second rim measurements 168 actually begin to the left of the second side of the rim 114 and
end to the right of the second side of the rim 114, The fluid measurements 1606 begin to the right
of the far left edge of the tluid surface 103 and end to the left of the far right edge of the flind
surface 103, The reason that some of the data points of measurements 164, 168, 166 do not
exactly coincide along the horizontal axis with the horizontal axis positions of the respective
surfaces 114 and 103 is that the ulirasonic sensor emits sound waves that propagate from the
sensor emitter in a conical form with an increasing diameter. Any surface entering the cone of
sound waves wiil be interpreted by the sensor as an object and will be detected for a
measurement. Accordingly, as shown in FIG. 8, as the sensor approaches the first and second
sides of the rivo 114 from the left, the rim will be detected by the sensor — and generate first tim
measurements 164 and second rim measurements 168, respectively — before the horizontal axis
position of the sensor actually coincides with the first or secound side rum 114, As the sensor
moves past the first and second sides of the rim 114 to the right, the rim will be detected by the
sensor — and continue to generate first rim measurements 164 and second rim measurements 168,
respectively — after the horizontal axis position of the sensor actually coincides with the first or
second side rim 114,

[00114] The fluid level software application 158 may also be configured to identify whether

the measurements in the sequence of discrete measurements are rim measurements or fluid
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measurements. Fig 9 illustrates a derivative filtering method programmed into the fluid level
software application 158, In this method, the fluid level software application 158 determines a
rate of change 170 of the measurements in the sequence of discrete measurements (the derivative
of the profile 160). The application 158 then identifies the peaks 172 of the rate of change 170
The peaks 172 identify the edges of the rim 114, such that the measurements between the first
peak 172a and the second peak 172b correspond to the first rim measurements 164 for the first
side of the rim 114, the measurements between the second peak 172b and the third peak 172¢
correspond to the fluid measurements 166, and the measurements between the third peak 172¢
and the fourth peak 172d correspond to the second rim measurement to the second side of the
sim 114, As described above, the relative fluid ievel 117 is the difference of the average of the
fluid measurements 166 and the average of the rim measurements 164, 168,

[06115] The relative thud level 117 may also be determined using a faster scan and less
measurement data by measuring only one of the first side of the rim 114 or the second side of the
rim 114, In such a case, the relative fluid level 117 is the average of the fluid measurements 166
minus the average of the first rim measurements 164 or the average of the fluid measurements
166 minus the average of the second nim measurements 168,

[00116]  Fig 10 iHustrates yet another algorithm for the fluid level software application 158
for determining whether the measurements in the sequence of discrete measurements are rim
measurements or fluid measurements. This algorithim 1s similar to the algorithm depicted in Fig.
9, in that the fluid level software application 158 determines a rate of change 170 of the
measurements in the sequence of discrete measurements (the derivative of the profiie 160). The
algorithm utilizes a predeternmined positive derivative threshold 174 and a negative derivative
threshold 176, and then determines which measurements 162 are between the positive derivative
threshold 174 and the negative derivative threshold 176. Then, the algorithm determines which
of these measurements between the thresholds 174 and 176 correspond to first rim measurements
164, fluid measurements 166, and second rim measurements 168 in the same manner as the
algorithm of Fig. 9. In other words, the measurements between the first peak 172a and the
second peak 172b, which are also between the thresholds 174 and 176, correspond to the first rim
measurements 164 for the first side of the rim 114, The measurements between the second peak
172b and the third peak 172¢, which are also between the thresholds 174 and 176, correspond to

the fluid measurements 166. And the measurements between the third peak 172¢ and the fourth
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peak 172d, which are alsc between the thresholds 174 and 176, correspond to the second rim

measurement to the second side of the nm 114, As described above, the relative fluid level 117
measurements 164, 168,

[001171 The fluid level software application 158 may also be configured to determine a tilt
angle of the center axis 157 of the sample receptacle 104 relative to the vertical axis of the
samiple receptacle holder 118 based on the sequence of measurements. In one way, the software
application 158 determines the difference between the height of the first side of the rimy 114 and
the height of the second side of the nnm 114 Io other words, the software application 158
determines the difference between {a) the distance between the distance sensor 146 and the first
side of the rim 114 and (b) the distance between the distance sensor 146 and the second side of
the rim 114, The software application 158 may determine this difference based on averages of
the first rim measurements 164 and the averages of the second rim measurements 168 or other
suttable methodology. The software application 158 may also determine which measurements
are first rim measurements 164 and which measurements are second rim measurements 168
using the methods described above. The tilt angle of the center axis 157 of the sample receptacle
104 can be calculated based on the difference between the heights of the first side of the rim 114
and the second side of the rim 114 and the distance between the two heights {(e.g. the diameter of
the rim 114). Thus, as one example, the filt angle of the center axis 157 from vertical may be
calculated as the arc cos [(difference in height of first side of nim and second side of
rim)/{diameter of rum}].

[00118]  The input station controller 105a is further configured to determine if the relative
fluid level 117 for a sample receptacle 104 1s ocutside of a predetermined range or above a
predetermined set level. The term “above” in this context means that the level of the flund is
higher thao predetermined, programmed, or otherwise set level. Furthermore, the input station
controller 1033, input station 106a, and/or automated system 100 may be configured to
quarantine a sample receptacle 104 if the relative thnd level 117 for the sample receptacle 104 15
determined to be outside of the a predetermined or above a predetermined level. For example, as
shown in Fig. 4, the input station 106a has a quarantine area 190 in which the gripper robot 131
of the input station 106a places sample receptacies 104 needing to be quarantined. For instance,

in order to reduce the risk of spilling or splashing of fluid sample 102 from a sample receptacle
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104, which may contaminate other sample receptacles 104 or components of the system 100, a
predetermined maximum level for the relative fluid level 117 may be set (ie, a nunimum
headspace). H the input station controller 105a determines that the relative thud level 117 for a
sample receptacle 104 is above the maximum level, then the gripper robot 131 retrieves the
sample receptacle 104 from the fluid measuring system 144 and places the sample receptacle 104
into a dedicated sample receptacle rack 111 positioned in the quarantine area 190 of the input
station 106a. Sinularly, a predetermined minimum level for the relative fluid level 117 may be
set, for example, to ensure that there is sufficient fluid sample 102 in a sample receptacle 104 for
processing on the automated system {e.g., run one or more tests on one or more of the analyzer
stations 106e). If the input station controller 105a determines that the relative fluid level 117 for
a sample receptacle 104 is below the minimum level, then the sample receptacie 104 can be
moved to the dedicated sample receptaclie rack 111 positioned in the quarantine area 190 in the
same manner as the sample receptacle 104 having a relative fluid level 117 that exceeds the
maximum level. The dedicated sample receptacle rack 111 may be positioned for manual
removal from the quarantine area of the input station 106a.

[00119]  The input station controller 106a may also be configured to release a sample
receptacle 104 for processing on the automated system 100 when the relative fluid level 117 is
determined to be within a predetermined range or below a predetermined level. For instance, the
input station controller 1052 may be configured to release a sample receptacie if it determines
that the relative fluid level 117 is below a predetermined maxirmurn level for the relative fluid
fevel 117,

(001201 The input station controller 105a may also be configured to quarantine a sample
receptacle if the tilt angle 15 determined to be outside of a predetermined range of tilt angles or
above a predetermined tilt angle. For instance, the input station controller 1052 may be
programmed to quarantine a sample receptacie if the ult angle 18 determived to be above 2°
above 5°, or above 10°.

[00121]  The ioput station controller 105a may also be configured to release a sample
receptacle if the tilt angle is determined to be within a predetermined range of tilt angles or
above a predetermined tilt angle. For instance, the input station controller 105a mayv be
programmed to release a sample receptacle 104 if the tilt angle is determined to be less than 2°,

tess than 539, or less than 10°.
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(001221 Embodiments

(001231  One or more of the following features and benefits may be encompassed by or
achievable by embodiments deseribed herein,

[00124] Embodiment 1. An automated system for detecting a level of a fluid contained in
sample receptacle, the sample receptacie having a closed bottom and a receptacle wall extending
from the closed bottom to a rim defining an open top of the sample receptacle, the system
comprising: a sensor for periodically measuring a distance between the seusor and (1) one or
more surfaces of the sample receptacle and (it} a surface of a fluid contained within the sample
receptacle, respectively, including measuring a distance between the sensor and the rim of the
sample receptacle, wherein at least one of the sensor and sample receptacle is controllably
moveable relative to the other to enable the sensor to obtain a sequence of discrete surface
distance measurements of distances between the sensor and (i) the one or more surfaces of the
sample receptacte and (i1) the surface of the fluid contained within the sample receptacle; and a
controller operatively coupled to the sensor and configured to receive and process an output
signal from the sensor comprising a digital representation of the sequence of discrete surface
distance measurements to thereby determine a level of the fluid contained within the sample
receptacle relative to the rim of the sample receptacie.

(001251 Embodiment 2. The systemn of Embodiment 1, wherein the output signal further
comprises sensor positions relative to the sample recepiacle, wherein each sensor position is
associated with one of the discrete surface distance measurements.

[006126] Embodiment 3. The system of Embodiment T or 2, wherein the sensor is supported by
a linear translator that moves the sensor relative to the sample receptacle.

[001271  Embodiment 4. The systermn of Embodiment 1 or 2, wherein the sensor is fixedly
mounted relative to the sample receptacle.

[00128] Embodiment 5. The system of Embodiment 1, wherein one or both of the sensor and
the sample receptacie are controllably movable to perform a linear scan across the rim of the
sample receptacle and the surface of the fluid, thereby permutting the sensor to obtain
measurements at different focations on the rim and top surface of the fhud during the scan.
[006129] Embodiment 6. The system of Embodiment 5, wherein the linear scan utilizes

continuous relative movement while the sensor obtains the measurements.
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(001301  EHmbodiment 7. The system of Embodiment 5, wherein the linear scan utilizes
intermittent relative movement, in which the movement 1s stopped intermitiently for the sensor to
obtain measurements.

f00131] Embodiment 8. The system of any one of Embodiments 1-7, wherein: the sensor 1s
disposed at an input station for loading the sample receptacie onio the system; and the input
station comprises a receptacle rack configured to hold a plurality of sample receptacles and a
gripper robot configured to remove the sarople receptacie from the rack.

[00132] Embodiment 9. The system of Embodiment 8, wherein the input station further
comprises a detector system configured to determine one or more physical characteristics of the
sample receptacle.

[00133] EHmbodiment 10, The systern of Embodiment 9, wherein the one or more physical
characteristics of the sample receptacle include at least one of a height, a diameter, a shape, and
the presence or absence of a cap secured 1o a top end of the sample receptacle.

001341 Embodiment 11, The asystem of Embodiment 9 or 10, wherein the detector system
comprises at least one of a laser and an imaging device.

[00135]  EHmbodiment 12. The system of any ove of Ernbodiments 9-11, wherein the controller
is further programmed to determine a volume of the fluid contained within the sample receptacle
based on at least one of the one or more physical characteristics of the sample receptacle and the
fevel of the thud contained within the sample receptacie.

[00136] Embodiment 13. The systern of any one of Embodiments 1-12, wherein the sensor is
an ultrasound sensor.

[00137]  Embodiment 14, The system of any one of Embodiments 1-13, wherein the sequence
of discrete surface distance measurements includes (1) a plurality of distance measurements
between the sensor and the one or more surfaces of the sample receptacle, including multiple
distance measurements between the sensor and the nm (rim measurements), and (11} a plurality
of distance measurements between the sensor and the surface of the fluid (fluid measurements).
[00138] Embodiment 15, The system of Embodiment 14, wherein the controller is configured
to determine the level of the fluid contained within the sample receptacie relative to the rim
based on an average of the rimn measurerents and an average of the fluid measurements.

[00139] Embodiment 16. The system of any one of Embodiments 1-15, wherein the controlier

is configured to determine which measurements in the sequence of discrete surface distance
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measurements correspond to each of a first portion of the rim, the top surface of the fluid, and a
second portion of the rim opposite the first portion of the rim.

(0061401 Embodiment 17, The system Embodiment 16, wherein the controlier is configured to
determine which measurements in the sequence of discrete surface distance measurements
correspond to each of the first portion of the rim, the top surface of the thud, and the second
portion of the rim opposite the first portion of the rim using an edge finding technique, wherein
the edge finding technique comprises: {a} analyzing a rate of change of the distances in the
sequence of discrete surface distance measurements, identifying the edges of the rim as
measurements that correspond to peaks of the rate of change, and identifying the measurements
between the peaks as either rim measurements or fluid measurements; or {(b) identifying the
measurements where the rate of change of the distances 1in the sequence of discrete surface
distance measurements are within a threshold window,

(001411 Embodiment 18, The system of any one of Embodiments 1-17, further comprising a
sample receptacle holder for supporting the sample receptacie, such that an upper portion of the
receptacle wall terminating at the rim is situated above the sample receptacle holder;

[00142] Embodiment 19. The systern of Embodiment 18, wherein the sample receptacle
holder comprises a recess configured to seat the closed bottom of the sample receptacle.

[00143]  Embodiment 20 The system of Embodiment 19, wherein the sample receptacle
holder is a generally cylindrical puck, and wherein the recess is formed in a base of the puck.
(001441  Embodiment 21 The system of Embodiment 20, wherein the receptacle holder
further comprises a plurality of fingers extending upwardly from the puck, the fingers being
configured to support the sample receptacle in a generally vertical orientation.

(001451 Embodiment 22. The system of any one of Embodiments 18-21, further coroprising
an automated conveyor configured to transport the sample receptacle holder between respective
stations of the systern.

[00146] Embodiment 23, The system of Embodiment 22, wherein at least one of the stations is
an analyzer configured to perform an analytical procedure with the fluid.

(031471 Embodiment 24, The system of Embodiment 23, wherein the analytical procedure is a

molecular assay.
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[00148] Embodiment 25. The system of any one of Embodiments 22-24, wherein the sensor is
configured to obtain the sequence of discrete surface distance measurements while the sample
receptacle holder is supported by the conveyor.

[00149] Embodiment 26. The system of any one of Embodiments 18-25, wherein the
controlier is further programmed to determine from the output signal an orientation of the sample
receptacle relative to the sample receptacle holder.

{00150}  Embodiment 27, The systern of Embodiment 26, wherein the orientation comprises a
tilt angle of the sample receptacle relative to the vertical axis of the sample receptacle holder.
[0015S11 Embodiment 28 The system of Embodiment 27, wherein the sequence of discrete
surface distance measurements includes (1} a plurality of distance measurements between the
sensor and a first portion of the rim (first im measurements), and (i) a plurality of distance
measurements between the sensor and a second portion of the rim (second rim measurements),
and wherein the controller 1s further programmed to determine the tilt angle of the sample
receptacle relative to the vertical axis of the sample receptacle holder from a difference between
the first rim measurements and the second rim measurements.

[00152] Embodiment 29 The sysiero of Hmbodiment 27 or 28, wherein the system is
configured to transport the sample receptacle from the sample receptacle holder to a quarantine
area when the tilt angle is greater than a predetermined tilt angle.

[001531  HEmbodiment 30, The system of Embodiment 14 or 15, wherein the controller is
configured to identity the discrete surface distance measurements as either rim measurements or
flutd surface measurements by analyzing a rate of change of the measurements in the sequence
of discrete surface distance measurements to find measurements corresponding to an edge of the
i,

[001541  EHmbodiment 31. The system of Embodiment 30, wherein the rate of change indicates
an edge of the rim when the rate of change exceeds a threshold.

[00155] Embodiment 32, The system of any one of Embodiments 1-31, wherein the system is
configured to (i) transport the sample receptacle to a gquarantine area when the level of the fluid
contatned within the sample receptacie relative to the rimy is determined to be outside of a
predetermined range or above a predetermined level, and (11) release the sample receptacle for

subsequent processing on the system, including performing an assay with the fluid, when the

(98]
~d



03 Mar 2026

2026201610

fevel of the fluid contained within the sample receptacle relative to the rim is determined to be
within the predetermined range or below the predetermined level

[006156] Embodiment 33. The systern of any one of Embodiments 1-32, wherein the sample
receptacle is a test tube.

[0G1571  Embodiment 34, A method for detecting a level of a fluid contained in a sample
receptacle, the sample receptacle having a closed bottom and a receptacle wall extending from
the closed bottom to a nim defining an open top of the sample receptacle, the method comprising:
{a) periodically measuring a distance between a sensor and (1) one or more surfaces of the sample
receptacle supported by the sample receptacle holder and (3t} a surface of the fluid countained
within the sample receptacle, respectively, inchuding measuring a distance between the sensor
and the rim of the sample receptacle, while moving at least one of the sensor and the sample
receptacle holder relative to the other to thereby obtain a sequence of discrete surface distance
measurements of distances between (1) the sensor and the one or more surfaces of the sample
receptacle and (1) the sensor and the surface of the fluid contained within the sample receptacle;
and (b}  processing an output signal from the sensor comprising a digital representation of the
sequence of discrete surface distance measurements to thereby determine a level of the fluid
contained within the sample receptacle relative to the rim of the sample receptacle.

[00158]  Embodiment 35, The method of Embodiment 34, wherein the sensor i1s mounted on a
linear translator that moves the sensor relative to the sample receptacle for obtaining the
sequence of discrete surface distance measurements.

[06159] Embodiment 36 The method of Embodiment 34, wherein the sensor is fixedly
mounted relative to the sample receptacle, and wherein the sample receptacle moves relative to
the sensor during step {a).

[00160] Embodiment 37 The method of any one of Embodiments 34-36, further comprising:
{c) prior to step (a), wwserting the sample receptacie into a sample receptacle holder, the
sample receptacle holder being configured to support the sample receptacle in a generally upright
orientation, such that an upper portion of the receptacte wall terminating at the rim 15 situated
above the sample receptacle holder.

(0061611 EHmbodiment 38 The method of Embodiment 37, wherein step (¢} comprises seating

the closed bottom of the sample receptacle in a3 recess of the sample receptacle holder,
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(001621  Hmbodiment 39, The method of Embodiment 37, wherein the sample receptacle
holder is a generally cvlindrical puck, and wherein the recess 1s formed in a base of the puck.
[06163] Embodiment 40 The method of Embodiment 39, wherein the receptacle holder
further comprises a plurality of fingers extending uvpwardly from the puck, the fingers being
configured to support the sample receptacle in a generally vertical orientation,

(001641  Hmbodiment 41. The method of any one of Embodiments 37-40, wherein the sample
receptacle holder 1s positioned on an automated conveyor during step (a), the conveyor being
configured to transport the sample receptacle holder between respective stations of a sample
processing system.

(031651 Hmbodiment 42, The method of Embodiment 41, wherein at least one of the stations
18 an analyzer.

[00166] Embodiment 43. The method of Embodiment 42, wheretn the analyzer is configured
to perform a molecular assay with the fluid.

(001671 Embodiment 44, The method of any one of Embodiments 37-43, further comprising,
prior to step (¢}, loading the sample receptacle into an input station of the sample processing
system o a receptacle rack configured to hold a plurality of sample receptacles.

[00168] Embodiment 45 The method of Embodiment 44, further comprising removing the
sample receptacle from the sample receptacle rack with a gripper robot and performing step (¢}
with the gripper robot.

[00169]  Hmbodiment 46. The method of Embodiment 44 or 45, wherein the sensor is disposed
at the input station.

(001701  Embodiment 47. The method of any one of Embodiments 34-46, wherein the sensor
is an ultrasound sensor.

(001711 Embodiment 48. The method of any one of Embodiments 34-47, further comprising,
prior to siep {a), determining ove or more physical characteristics of the sample receptacle.
[00172] Embodiment 49. The method of Embodiment 48, wherein the one or more physical
characteristics of the sarple receptacle include at least one of a height, a diameter, a shape and
the presence or absence of a cap secured 10 a top end of the sample receptacie.

(0061731 Embodiment 50 The system of Embodiment 48 or 49, wherein the one or more

physical characteristics are determined with at least one of a laser and an imaging device.
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[00174]  Embodiment 51. The method of Embodiment 49 or 50, wherein processing the output
signal further comprises determining a volume of the fluid contained within the sample
receptacle based on the one or more physical characteristics of the sample receptacle and the
level of the fluid contained within the sample receptacle.

[001751  Embodiment 52. The method of any oune of Embodiments 34-51, further comprising
reading machine-readable indicia on the sample receptacle while the sample receptacle 15 at a
focation for obtaining the sequence of discrete surface distance measurements.

[00176] Embodiment 53. The method of any one of Embodiments 34-52, further comprising
iransporting the sample receptacie to a quarantine area when the level of the fluid coutained
within the sample receptacle is determined to be outside of a predetermined range or above 3
predetermined level.

[00177] Embodiment 54. The method of any one of Embodiments 34-52, further comprising
releasing the sample receptacle for processing when the level of the fluid contained within the
sample receptacle 1s determoined to be within a predetermined range or below a predetermined
fevel.

[00178] Embodiment 55, The method of any one of Embodiments 34-54, further comprising,
during step {(a}, adjusting a vertical position of the sensor using a vertical translator supporting
the sensor to position the sensor within a predeternuned measuring range of the rim of the
sample receptacle.

[006179] Embodiment 56 The method of any one of Hmbodiments 34-55, wherein the
sequence of discrete surface distance measurements is obtained by the sensor at a rate of 10-20
measurements per second.

[001801  Embodiment 537, The method of any one of Embodiments 34-36, wherein the
sequence of discrete surface distance measurements includes (1) a plurality of distance
measurements between the sensor and the one or more surfaces of the sarople receptacle,
including multiple distance measurements between the sensor and the rim (rim measurements),
and (i1} a plurality of distance measurements between the sensor and the surface of the fluid
{fluid measurements}.

(001811 EHmbodiment 58 The method of Embodiment 57, wherein step (b} comprises
determining the level of the fluid contained within the sample receptacie relative to the rim based

on an average of the rim measurements and an average of the fluid measurements.
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[001821  Hmbodiment 59 The method of any one of Embodiments 34-58, further comprising
processing the output signal to determine which measurements in the sequence of discrete
surface distance measurements correspond 1o each of a first portion of the rim, a top surface of
the fluid, and a second portion of the rim opposite the first portion of the rim by: (a) analyzing a
rate of change of the distances in the sequence of discrete surface distance measurements,
identifying the edges of the rim as measurements that correspond to peaks of the rate of change,
and identifying the measurewents between the peaks as either rimo measurements or flnd
measurements; or {b} identifying the measurements where the rate of change of the distances in
the sequence of discrete surface distance measurements are within a threshold window.

[0G1831  Hmbodiment 60 The method of any one of Embodiments 37-46, further comprising
determining from the output signal an orientation of the sample receptacle relative to the sample
receptacle holder.

[00184] Embodiment 61, The method of Embodiment 60, wherein the onentation comprises a
tit angle of the sample receptacle relative to the vertical axis of the sample receptacle holder.
[001851  Hmbodiment 62. The method of Embodiment 61, wherein the sequence of discrete
surface distance measurements includes (1) a plurality of distance measurements between the
sensor and a first portion of the rim (first nm measurements}, and (i1} a plurality of distance
measurements between the sensor and a second portion of the rim (second rim measurements),
and wherein the method further comprises determining the tilt angle of the sample receptacle
relative to the vertical axis of the sample receptacie holder from a difference between the first
rim measurements and the second rim measurements.

[00186] Embodiment 63 The method of Embodiment 61 or 62, further comprising
transporting the sample receptacle from the sample receptacle holder to a quarantine area when
the tilt angle is greater than a predetermined tilt angle.

{00187} Embodiment 64. The method of any one of Embodiments 34-63, further comprising:
after step (b), transporting the sample receptacle to an analyzer; removing an aliquot of the fluid
from the sample receptacle and transferring it to a reaction receptacle contained within the
analyzer, and performing an analytical procedure with the aliquot of the fluid.

[00188]  Hmbodiment 65 The method of Embodiment 64, wherein the analytical procedure is

a molecular assay.
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(001891 Hmbodiment 66.The method of any one of Embodiments 34-65, wherein the sample
receptacle is a sample tube.

[00190]  Although particular embodiments have been shown and described, the above
description is not mtended to Himit the scope of these embodiments. While embodiments and
variations of the many aspects of the disclosure have been disclosed and described herein, such
disclosure is provided for purposes of explanation and illustration only. Thus, various changes
and rodifications may be made without departing from the scope of the claims. For example,
not all of the components described in the embodiments are necessary, and the disclosure may
include any suitable combinations of the described components, and the general shapes and
relative sizes of the components of the disclosure may be modified. Accordingly, embodiments
are intended to exemplify alternatives, modifications, and equivalents that may fall within the
scope of the claims. The disclosure, therefore, should not be himited, except to the following

claims and their equivalents.
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CLAIMS:

1. An automated system for detecting a level of a fluid contained in a sample
receptacle, the sample receptacle having a closed bottom and a receptacle wall extending from the
closed bottom to a rim defining an open top of the sample receptacle, the system comprising:

a sensor for periodically measuring a distance between the sensor and (i) one or more
surfaces of the sample receptacle and (ii) a surface of a fluid contained within the sample
receptacle, respectively, including measuring a distance between the sensor and the rim of the
sample receptacle, wherein at least one of the sensor and sample receptacle is controllably
moveable relative to the other to enable the sensor to obtain a sequence of discrete surface distance
measurements of distances between the sensor and (i) the one or more surfaces of the sample
receptacle and (ii) the surface of the fluid contained within the sample receptacle;

a sample receptacle holder for supporting the sample receptacle, such that an upper
portion of the receptacle wall terminating at the rim is situated above the sample receptacle holder;
and

a controller operatively coupled to the sensor and configured to receive and process an
output signal from the sensor comprising a digital representation of the sequence of discrete
surface distance measurements to thereby determine a level of the fluid contained within the
sample receptacle relative to the rim of the sample receptacle, wherein the controller is
programmed to determine from the output signal an orientation of the sample receptacle relative
to the sample receptacle holder, and wherein the orientation comprises a tilt angle of the sample
receptacle relative to a vertical axis of the sample receptacle holder.

2. The system of claim 1, wherein the output signal further comprises sensor positions
relative to the sample receptacle, and wherein each of the sensor positions is associated with one
of the discrete surface distance measurements.

3. The system of claim 1 or 2, wherein the sensor is supported by a linear translator
that moves the sensor relative to the sample receptacle.

4. The system of claim 1 or 2, wherein the sensor is fixedly mounted relative to the
sample receptacle.

5. The system of claim 1 or 2, wherein one or both of the sensor and the sample

receptacle are controllably movable to perform a linear scan across the rim of the sample receptacle
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and the surface of the fluid, thereby permitting the sensor to obtain measurements at different
locations on the rim and top surface of the fluid during the scan.

6. The system of claim 5, wherein the linear scan utilizes continuous relative
movement while the sensor obtains the measurements.

7. The system of claim 5, wherein the linear scan utilizes intermittent relative
movement, in which the movement is stopped intermittently for the sensor to obtain measurements.

8. The system of any one of claims 1 to 7, wherein:

the sensor is disposed at an input station for loading the sample receptacle onto the
system; and

the input station comprises a receptacle rack configured to hold a plurality of sample
receptacles and a gripper robot configured to remove the sample receptacle from the rack.

9. The system of claim 8, wherein the input station further comprises a detector system
configured to determine one or more physical characteristics of the sample receptacle, and wherein
the controller is further programmed to determine a volume of the fluid contained within the
sample receptacle based on at least one of the one or more physical characteristics of the sample
receptacle and the level of the fluid contained within the sample receptacle.

10. The system of any one of claims 1 to 9, wherein the sensor is an ultrasound sensor.

11. The system of any one of claims 1 to 10, wherein the sequence of discrete surface
distance measurements includes (i) a plurality of distance measurements between the sensor and
the one or more surfaces of the sample receptacle, including multiple distance measurements
between the sensor and the rim (rim measurements), and (i1) a plurality of distance measurements
between the sensor and the surface of the fluid (fluid measurements).

12. The system of claim 11, wherein the controller is configured to determine the level
of the fluid contained within the sample receptacle relative to the rim based on an average of the
rim measurements and an average of the fluid measurements.

13. The system of any one of claims 1 to 12, wherein the controller is configured to
determine which measurements in the sequence of discrete surface distance measurements
correspond to each of a first portion of the rim, the top surface of the fluid, and a second portion
of the rim opposite the first portion of the rim.

14. The system of any one of claims 1 to 13, further comprising an automated conveyor

configured to transport the sample receptacle holder between respective stations of the system,
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wherein the sample receptacle holder is a generally cylindrical puck configured to seat the closed
bottom of the sample receptacle, and wherein the sensor is configured to obtain the sequence of
discrete surface distance measurements while the sample receptacle holder is supported by the
conveyor.

15. The system of any one of claims 1 to 14, wherein the orientation comprises a tilt
angle of the sample receptacle relative to the vertical axis of the sample receptacle holder.

16. The system of claim 15, wherein the sequence of discrete surface distance
measurements includes (i) a plurality of distance measurements between the sensor and a first
portion of the rim (first rim measurements), and (ii) a plurality of distance measurements between
the sensor and a second portion of the rim (second rim measurements), and wherein the controller
is further programmed to determine the tilt angle of the sample receptacle relative to the vertical
axis of the sample receptacle holder from a difference between the first rim measurements and the
second rim measurements.

17. The system of claim 15 or 16, wherein the system is configured to transport the
sample receptacle from the sample receptacle holder to a quarantine area when the tilt angle is
greater than a predetermined tilt angle.

18. The system of any one of claims 1 to 17, wherein the system is configured to (i)
transport the sample receptacle to a quarantine area when the level of the fluid contained within
the sample receptacle relative to the rim is determined to be outside of a predetermined range or
above a predetermined level, and (ii) release the sample receptacle for subsequent processing on
the system, including performing an assay with the fluid, when the level of the fluid contained
within the sample receptacle relative to the rim is determined to be within the predetermined range

or below the predetermined level.
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