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Description

TECHNICAL FIELD

[0001] This application relates generally to viscome-
ters, including but not limited to viscometers that measure
viscosity of liquids utilizing a flow-through type viscosity
sensor.

BACKGROUND

[0002] Viscosity is a measure of resistance of liquid to
flow and its value depends on the rate of deformation for
Non-Newtonian liquids as described in Dynamics of Pol-
ymeric Liquids, Vol. 1, 1987, authored by R. B. Bird, R.
C. Armstrong, and O. Hassager. The rate of deformation
is given by a shear rate in a unit of (time)-l. The viscosity
measured at a known shear rate is "true" viscosity. The
dependence of the true viscosity on shear rate is a vis-
cosity curve which characterizes material and is an im-
portant factor to consider for efficient processing. How-
ever, in many cases, viscosity is measured under ill-de-
fined test condition so that shear rate cannot be known
or calculated. Under ill-defined conditions, the measured
viscosity value is only "apparent". Since the true viscosity
is measured at a known shear rate, the true viscosity is
universal whereas the apparent viscosity is not. Instead,
the apparent viscosity depends on the measuring sys-
tem. For example, as a common practice, a torque of a
spindle immersed in a sea of test liquid is measured while
the spindle is being rotated at a constant speed. In this
case the torque value only yields an apparent viscosity
since the test condition is ill-defined and a shear rate is
not known. At best, the apparent viscosity can be meas-
ured as a function of the rotational speed of the spindle.
The rotational speed of the spindle can be in fact corre-
lated with the shear rate only if a "constitutive equation"
for the test liquid is known. However, a "constitutive equa-
tion" is not known for almost all Non-Newtonian liquids.
Therefore, true viscosity cannot be measured with ill-de-
fined test conditions for most non-Newtonian liquids.
[0003] Methods of viscosity measurement that give on-
ly apparent viscosities have been developed and used
for quality controls in manufacturing and material char-
acterization. Various on-line viscometers are designed
for real time viscosity measurement. U.S. Patent Nos.
5,317,908 (Fitzgerald et al.) and 4,878,378 (Harada) are
concerned with systems that measure apparent viscos-
ities for process controls. U.S. Patent No. 6,393,898
(Hajduk et al.) describes a system that measures many
test liquids simultaneously. These viscometers measure
apparent viscosities. However, because of the non-uni-
versality of the apparent viscosity measurement, a cor-
relation of the apparent viscosity of a specific sample
measured with a specific method with the true viscosity
has to be found separately when desired. Fundamental
development of formulations for materials requires the
true viscosity measurement. Also the designs of process-

ing equipments and accessories, such as dies, molds,
extrusion screws, etc., require the true viscosity of the
materials. However, the apparent viscosity measure-
ment has been used for a quick test as an indication since
it is easier and faster to measure and often more eco-
nomical. The true viscosity is more difficult to get and can
be only measured with a few types of instruments: rhe-
ometers and capillary viscometers. The rheometers im-
pose a precise and known shear rate on test samples,
thereby measuring true viscosities. The rheometers are
versatile and usually equipped to also measure other
properties. Therefore they are usually expensive. Fur-
ther, large amounts of samples are usually required for
viscosity measurement with a rheometer. Also, rheome-
ters are not well suited for on-line applications. Circular
capillary viscometers can measure apparent and true vis-
cosities depending on whether a proper compensation
is taken into account. The capillary viscometer needs a
pressure drop measurement along the capillary for vis-
cosity. Since the capillary is circular in cross-section, only
pressure at the entrance and exit can be measured. Be-
cause of this limitation, the capillary viscometer meas-
ures only apparent viscosity unless the entrance effect
is corrected for by using two different capillaries with dif-
ferent length to diameter ratios. However, use of two cap-
illaries makes the capillary viscometers bulky and/or time
consuming. Capillary viscometers are described in U.S.
Patent Nos. 6,575,019 (Larson); 4,920,787 (Dual et al.);
4,916,678 (Johnson et al.); and 4,793,174 (Yau). Micro-
fluidic viscometers are disclosed in US Patent No.
6,681,616 (Michael Spaid et al.) and US Publication No.
2003/0182991 (Michael Spaid et al.). Residence time of
a marker in a fluidic channel is used to measure the vis-
cosity, which is not a true viscosity unless the test liquid
is Newtonian. Only an apparent viscosity is measured
for non-Newtonian liquids. The portable viscometer dis-
closed in US Patent No. 5,503,003 (Brookfield) utilizes
a well known torque measurement of a spindle rotating
in a sea of liquid for viscosity measurement. As indicated,
and as is well known, this method only measures appar-
ent viscosity.
[0004] In summary, most viscosity measurement tech-
niques yield apparent viscosity and require relatively
large volumes of sample. Also, these instruments require
cleaning of the parts in contact with liquid (container, spin-
dle, etc.) before the measurement of the next sample.
Such a cleaning is time consuming so that viscosity
measurements typically take about 30 minutes from the
set-up to the test. The larger sample volume requirement
with current techniques also increases the cleaning time
and waste. Therefore, there is no genuine portable vis-
cometer which measures true viscosity for samples in
small quantity and in a fast manner. The slit viscometer
disclosed in my US Patent No. 7,290,441 makes it pos-
sible to measure the true viscosity of small samples. It
requires, however, a precision liquid dispensing system
and associated electronics to provide and control the flow
of liquid through the viscometer. A simple precision liquid
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dispensing system which is portable and can be use with
a variety of samples is not disclosed in the prior art.
[0005] US 4 574 622 discloses a viscometer including
a plunger-type pump which comprises a chamber and a
piston, wherein the piston is coupled to a motor and the
chamber is connected, through a three-way valve, to a
conduit disposed with pressure taps. WO 2014/031639
A1 discloses a capillary viscometer and multiscale pres-
sure differential measuring device.

SUMMARY

[0006] Disclosed herein is a portable viscosity meas-
urement instrument or viscometer includes a miniature
viscosity measurement sensor, a portable precision liq-
uid dispensing system for forcing a liquid sample through
the miniature viscosity measurement sensor, a controller
for controlling operation of the viscometer, and a display
for displaying the measured viscosity of the liquid. The
sensor design is described in my US Patent Nos.
6,892,583 and 7,290,441. The portable system meas-
ures the true viscosity of a liquid and requires only small
volume samples of the liquid for measurement. This ap-
plication also describes a fast and easy way to obtain
samples of liquid to be tested and to insert the samples
of liquid into the viscometer for testing.
[0007] The present invention provides a viscometer
according to claim 1 and a method for performing a vis-
cosity measurement according to claim 11. Further as-
pects of the invention are set out in the remaining claims.
[0008] The portable precision liquid dispensing system
in accordance with some embodiments may include a
positive displacement pump which operates in conjunc-
tion with a positive displacement sample container, which
will be referred to as a positive displacement pipette, in
which the sample of the liquid for which the viscosity is
to be measured is supplied. The pipette may be remov-
able from and replaceable in the viscometer so that a
sample of liquid to be tested can be drawn into the pipette
when removed and separate from the viscometer and
the pipette with the sample of liquid therein then inserted
into the viscometer for measuring the viscosity of the
sample of liquid in the pipette. The pipette includes a
plunger that slides within the pipette to draw a sample
into the pipette (this can be done by hand) and to force
the sample from the pipette when in the viscometer. In
one embodiment of the positive displacement pump, a
precision motor drives a lead screw which moves a push
back in contact with the pipette plunger when positioned
in the viscometer. As the push back moves the plunger
in the pipette, liquid is dispensed from the pipette into a
flow passage of the miniature viscosity measurement
sensor. Control electronics control operation of the pre-
cision motor to dispense the liquid to be tested from the
pipette at a known flow rate into the flow passage of the
miniature viscosity measurement sensor.
[0009] According to some embodiments, the miniature
flow-through viscosity measurement sensor includes a

micron scale flow channel combined with a pressure sen-
sor array which measures the pressure drop of a fully
developed flow of the liquid in the flow channel. In some
embodiments, when a velocity field of a flow reaches a
steady state (through a transition from an entrance of the
flow channel), the flow is deemed to be fully developed.
In some embodiments, a fully developed flow of the liquid
has a same velocity profile along a length of the flow
channel. For example, a velocity of a fully developed flow
of the liquid at a center of the flow channel near a first
end of the flow channel is identical to a velocity of the
fully developed flow of the liquid at a center of the flow
channel near a second end, opposite to the first end, of
the flow channel. The pressure drop is proportional to
the shear stress of the liquid flowing through the channel.
The shear rate is proportional to flow rate. Viscosity of
the sample liquid is calculated by dividing the shear stress
by the shear rate. The resulting measurement of viscosity
can be shown in a display. Microcontroller or microproc-
essor based electronics can form the controller electron-
ics (also called herein an electronic controller) of the vis-
cometer to control the motor of the pump and process
the data from the pressure sensors. The processed data
can be displayed and may also be stored and/or sent to
remote devices.
[0010] In some embodiments, if temperature control of
the sample is desired, the viscometer, the viscosity sen-
sor, and/or the sample in the pipette may be conditioned
to a set temperature with a Peltier based temperature
control device or other generally accepted temperature
control means.
[0011] In some embodiments, the viscometer is con-
figured to store a history of measured viscosity values
for various uses and/or may store a database of the
known viscosity values of various liquids, such as liquids
frequently expected to be measured. This allows a quick
comparison of the known viscosity of a known liquid with
the measured viscosity of a sample thought to be the
known liquid. Discrepancies between the known value
and the measured value can indicate that the test liquid
is not the liquid it is thought to be or can indicate problems
with the viscometer so that the viscometer can be
checked.
[0012] In accordance with the present invention, the
viscometer includes a viscosity sensor with a liquid flow
channel and at least two pressure sensors positioned
along the liquid flow channel and configured to measure
a pressure drop of a liquid flowing through the liquid flow
channel. The viscometer also includes a dispensing
mechanism configured to cause dispensing of a liquid
from the syringe to the viscosity sensor at a known flow
rate; and an electronic controller configured to control
operations of the dispensing mechanism and receive and
process data from the viscosity sensor.
[0013] In accordance with the present invention, the
dispensing mechanism is configured to couple with a sy-
ringe, and the syringe is coupled with the viscosity sensor
and configured to contain a liquid.
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[0014] In accordance with the present invention, the
viscometer includes a sample loading interface through
which the viscometer is configured to receive the liquid.
In some embodiments, the syringe includes the sample
loading interface. In some embodiments, the sample
loading interface includes a selection or switching valve
(as used herein, the term "selection valve" is used
throughout to represent wide ranges of valves) coupled
with the viscosity sensor and the syringe and located
between the viscosity sensor and the syringe.
[0015] In some embodiments, the viscometer includes
a transporting device configured to couple with the sy-
ringe and the dispensing mechanism. The transporting
device is configured to move the syringe between a first
location for aspirating a test liquid into the syringe and a
second location for coupling the syringe to the viscosity
sensor, wherein the second location is distinct from the
first location and the transporting device is configured to
move the syringe between the first location and the sec-
ond location independent of user intervention.
[0016] In some embodiments, the viscometer is con-
figured to aspirate the test liquid into the syringe inde-
pendent of user intervention.
[0017] In some embodiments, the viscometer further
includes a viscosity sensor module that includes a plu-
rality of viscosity sensors.
[0018] In some embodiments, a plurality of liquid flow
channels is defined in the viscosity sensor and at least
two pressure sensors are positioned along each of two
or more liquid flow channels of the plurality of liquid flow
channels.
[0019] In some embodiments, the viscometer includes
a temperature control device. In some embodiments, the
temperature control device is coupled with the electronic
controller and the electronic controller is configured to
control the temperature control device. In some embod-
iments, the viscosity sensor is temperature controlled. In
some embodiments, the syringe is temperature control-
led.
[0020] In some embodiments, the electronic controller
is configured to determine viscosity values of the liquid
at a plurality of temperatures, the liquid including proteins
of a first type; and determine a melting temperature of
the proteins of the first type from viscosity values of the
liquid at the plurality of temperatures.
[0021] In some embodiments, the electronic controller
is configured to: determine viscosity values of a second
liquid at a plurality of temperatures, the second liquid
including proteins of a second type; and determine a melt-
ing temperature of the proteins of the second type from
viscosity values of the second liquid at the plurality of
temperatures.
[0022] In some embodiments, the viscometer includes
a mixer coupled with the electronic controller and config-
ured to mix the liquid with a solvent to obtain a mixed
solution. A concentration of a solute in the mixed solution
is distinct from a concentration of the solute in the liquid.
The electronic controller is configured to: measure a vis-

cosity of the mixed solution; and initiate repeated mixing
and measuring to obtain viscosity values of the mixed
solution for a plurality of concentrations of the solute.
[0023] In some embodiments, the viscometer includes
a sample injector. The sample injector is configured to
dispense a continuous stream of liquids to the viscosity
sensor. The continuous stream of liquids includes two or
more batches of test liquids. Any two adjacent batches
of test liquids, of the two or more batches of test liquids,
are separated by at least one inert liquid immiscible with
the two adjacent batches of test liquids.
[0024] In some embodiments, the viscometer includes
a pump configured to dispense a cleaning solution
through the liquid flow channel of the viscosity sensor.
[0025] In some embodiments, the viscometer is con-
figured to couple with a source of gas and provide the
gas through the liquid flow channel.
[0026] In some embodiments, the viscometer is con-
figured to self-calibrate by using a preselected reference
liquid.
[0027] In some embodiments, the viscometer includes
one or more of: a pH meter, a density meter, and a con-
ductivity meter.
[0028] In some embodiments, the liquid flow channel
comprises a rectangular liquid flow channel.
[0029] In some embodiments, the viscosity sensor has
an inlet and an outlet, the inlet configured to couple with
a syringe. In some embodiments, the viscometer further
comprises a positive pressure source coupled with the
outlet of the viscosity sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] Additional features and advantages will be ap-
parent from the detailed description which follows, taken
in conjunction with the accompanying drawings, which
together illustrate, by way of example, features of exem-
plary embodiments.

Figure 1 is a schematic representation of a portable
viscometer.
Figure 2A is a schematic representation of a flow-
through viscosity sensor.
Figure 2B is a schematic cross-sectional represen-
tation of a flow-through viscosity sensor.
Figure 2C is a schematic cross-sectional represen-
tation of a flow-through viscosity sensor.
Figure 3 is a cross-sectional view of a pipette useable
in the system, showing the pipette plunger in an in-
termediate position in the pipette.
Figure 4 is a similar cross-sectional view of the pi-
pette of Figure 3, showing the pipette plunger in po-
sition before a sample of liquid has been drawn into
the pipette or after the sample of liquid has been
dispensed from the pipette.
Figure 5 is a schematic representation of a portable
viscometer.
Figure 6A is a schematic representation of a viscom-
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eter.
Figure 6B is a schematic representation of a
viscometer .
Figure 6C is a schematic representation of a viscom-
eter.
Figure 6D is a schematic representation of a viscom-
eter.
Figure 6E is a schematic representation of a viscom-
eter.
Figure 7 is a chart that illustrates a method of deter-
mining a melting temperature.
Figures 8A-8C are flow charts representing a method
of measuring a viscosity of a liquid.

[0031] Reference will now be made to the exemplary
embodiments illustrated, and specific language will be
used herein to describe the same. It will nevertheless be
understood that no limitation of the scope of the claims
is thereby intended.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[0032] Referring to Figure 1, an improved viscometer
which is portable, easier-to-use, more accurate, and a
faster way of measuring the viscosities of liquid samples
than prior art viscometers, is described. Referring to Fig-
ure 1, the viscometer 22 includes a precision pump, in-
dicated generally by reference number 20, a liquid con-
tainer 14 for supplying a sample of the liquid for which a
viscosity measurement is desired, a flow-through viscos-
ity sensor 15, a controller 18, and a display 19.
[0033] The pump 20 works in conjunction with a sam-
ple container shown and referred to as a pipette 14 having
a pipette barrel or body 13 and a plunger 12 slidably
positioned in the pipette barrel 13 with plunger end por-
tion 24 extending from an end of the barrel 13. The pipette
14 may be removably positioned and held in the viscom-
eter by a mounting mechanism 28 so the pipette can be
removed, filled with a sample of liquid to be tested, and
replaced into the mounting mechanism of the viscometer,
or can be removed and replaced with another similar pi-
pette containing a sample of liquid to be tested. The pi-
pette may be made disposable so a new, clean pipette
is used for each sample of liquid. The pump includes a
precision motor 23, a lead screw 10 rotatable by the motor
23 through a drive mechanism 26, such as a gear drive
or belt drive, and a push back 11 mounted on lead screw
10 which contacts the end 25 of pipette plunger end por-
tion 24 when pipette 14 is positioned in the viscometer.
The push back 11 moves laterally along lead screw 10
in response to the rotation of the lead screw 10 by motor
23.
[0034] An example of a pipette construction is shown
in Figures 3 and 4. A pipette plunger 41 has a plunger
head 42 sealingly and slidably received in pipette barrel
40 with an end portion 45 extending from an end of the
pipette barrel 40. Both the pipette barrel and pipette
plunger can be fabricated from plastic by injection mold-

ing. The plunger can slide back and forth inside of the
barrel 40. In order to minimize air entrapment when filling
the pipette with sample liquid, the end of plunger head
42 is shaped to closely fit into liquid flow barrel end 43,
as shown in Figure 4, to minimize any air gap 44 between
the two. With the pipette in the condition shown in Figure
4, the liquid flow end 43 of the pipette can be inserted
into a liquid for which the viscosity is to be determined.
A user can grasp the end portion 45 of the plunger 41
extending from the pipette barrel 40 and pull the plunger
back from the end 43 of the pipette barrel to draw sample
into the pipette barrel through an opening in barrel end
43. Figure 3 shows the plunger 41 pulled back from the
barrel end to create space 46 in the pipette barrel which
will contain the liquid sample drawn into the pipette. As
the pipette plunger 41 continues to be pulled back in pi-
pette barrel 40, sample will continue to be drawn into the
increasing space 46. The user stops pulling back the
plunger 41 when the desired amount of sample is drawn
into the pipette barrel. If the plunger 41 is pushed toward
the liquid flow end 43 of the barrel 40, fluid in space 46
is discharged from the barrel 40 though the opening in
barrel end 43.
[0035] Flow-through viscosity sensor 15 includes a liq-
uid inlet connector 16 and a liquid outlet connector 21.
As shown in Figure 1, the liquid discharged from the end
of the pipette barrel 13 is coupled through liquid inlet con-
nector 16 to a liquid entrance to the viscosity sensor 15.
A liquid discharge tube 17 is coupled through the liquid
outlet connector 21 to guide liquid away from a liquid exit
of viscosity sensor 15.
[0036] Figure 2A illustrates a perspective view of the
flow-through viscosity sensor 15 in accordance with
some embodiments. Also shown in Figure 2A are planes
AA and BB, which are drawn to facilitate the understand-
ing of Figures 2B and 2C.
[0037] Figure 2B is a cross-sectional view of the flow-
through viscosity sensor 15 along the plane AA (shown
in Figure 2A) in accordance with some embodiments.
[0038] Referring to Figure 2B, the flow-through viscos-
ity sensor 15 includes a liquid flow channel 31, with a
flow channel entrance 35 and flow channel exit 36 formed
in a channel substrate 39. The flow channel 31 has a
rectangular cross-section with the channel substrate 39
providing three sides of flow channel 31, leaving one
open side. A monolithic sensor plate 38 formed by a pres-
sure sensor membrane 37 and a pressure sensor sub-
strate 30 is combined with the channel substrate 39 to
close the open side of flow channel 31. Monolithic sensor
plate 38 provides a plurality of independent pressure sen-
sors and is positioned with respect to the channel sub-
strate 39 to locate at least two independent pressure sen-
sors along the flow channel 31 spaced sufficiently away
from the channel entrance 35 and channel exit 36 where-
by a pressure drop of fully developed flow of liquid
through the flow channel 31 can be measured by the
pressure sensors. As explained above, the pressure drop
is proportional to the shear stress of the liquid flowing

7 8 



EP 3 155 399 B1

6

5

10

15

20

25

30

35

40

45

50

55

through the channel. The shear rate is proportional to the
flow rate. Viscosity of the sample liquid is calculated by
dividing the shear stress by the shear rate.
[0039] In the embodiment shown in Figure 2B, three
independent pressure sensors are provided by the mon-
olithic sensor plate 38 along flow channel 31. Each of the
independent pressure sensors is formed by a cavity 33
in the pressure sensor membrane 37. The portions 34 of
the pressure sensor membrane 37 that extend over the
respective cavities 33 will deflect into the respective cav-
ities 33 upon application of pressure to such portions 34
of the pressure sensor membrane extending over the
respective cavities 33. The amount of deflection into a
respective cavity is proportional to the pressure applied
by the liquid flowing in the flow channel 31 to the pressure
sensor membrane over the respective cavities.
[0040] A detector is provided in each of the cavities for
detecting the displacement of the membrane into the re-
spective cavity which provides a measurement of the
pressure applied to the membrane over the cavity. Var-
ious detectors can be used, such as a capacitance de-
tector wherein one capacitor electrode is located on the
pressure sensor membrane over a cavity and the other
capacitor electrode is located on the sensor substrate 30
covering the cavity. Displacement of the membrane
moves the capacitor electrodes closer together and
changes the capacitance which provides the measure of
pressure. It will be noted that the surface of the pressure
sensor membrane 37 along the liquid channel 31 is sub-
stantially a smooth continuous surface without individual
pressure sensors being inserted into the surface to form
irregularities and discontinuities. This smooth channel
surface is important to obtaining accurate pressure
measurements. A more detailed description of the pres-
sure sensor and variations and different embodiments of
the pressure sensor construction and of the flow- through
viscosity sensor are provided in U.S. Patent Nos.
6,892,583 and 7,290,441, which are incorporated by ref-
erence herein in their entireties. Liquid inlet connector 16
attached to channel substrate 39 around liquid channel
entrance 35 provides for connection of a source of pres-
surized sample liquid, here liquid discharged from pipette
14, and liquid outlet connector 21 attached to channel
substrate 39 around liquid channel exit 36 provides for
connection to a sample liquid drain or holding reservoir.
[0041] Figure 2C is a cross-sectional view of the flow-
through viscosity sensor 15 along the plane BB (shown
in Figure 2A) in accordance with some embodiments. As
illustrated in Figure 2C, in some embodiments, a plurality
of liquid flow channels is defined in the viscosity sensor.
In some embodiments, at least two pressure sensors are
positioned along each of two or more liquid flow channels
of the plurality of liquid flow channels. In some other em-
bodiments, only a single liquid flow channel is defined in
the viscosity sensor.
[0042] In some embodiments, a plurality of viscosity
sensors is formed on a single substrate, and the single
substrate defines a plurality of channels for the plurality

of viscosity sensors. In some embodiments, each viscos-
ity sensor of a plurality of viscosity sensors is formed on
a respective substrate.
[0043] Referring back to Figure 1, controller 18 in-
cludes one or more microcontrollers or microprocessors,
and other electrical and electronic components for con-
trolling operation of the viscometer and peripheral com-
ponents, for performing calculations, for controlling the
display 19 which can display the measured viscosity and
other information such as status of the viscometer, and
for communicating with and transferring data to other
equipment such as other computers. Communication
can be through ports such as RS232 or USB ports or can
be through wireless or other communication means. Con-
troller 18 will generally include interface means, such as
a keyboard, touch button pad or key pad, an external
computer, or other data entry means such as buttons, a
mouse, or a touch screen in display 19, whereby a user
can enter control and other instruction and information
into the controller.
[0044] To measure the viscosity of a sample of liquid,
a sample of the liquid for which the viscosity is to be
determined is obtained in a liquid sample holding pipette.
The sample of liquid in the pipette can have been with-
drawn from a source of the liquid into the pipette by the
user of the viscometer or can be otherwise supplied to
the user of the viscometer in the pipette. As shown in
Figure 1, the pipette 14 is mounted in the viscometer 22
and is held in position in the viscometer by mounting
mechanism 28. The controller is then activated to control
the viscometer to make a viscosity measurement. The
controller will operate the motor 23 to advance the push
back 11 to a position as shown in Figure 1 against the
end 25 of the pipette plunger. Alternatively, the push back
11 could be positioned, such as manually, by the user
when the pipette is mounted in the viscometer prior to
activation of the controller.
[0045] With the push back 11 in position against the
end 25 of the pipette plunger, the controller controls the
motor 23 so as to rotate lead screw 10 to advance the
push back 11 and pipette plunger 12 at a desired speed
or speeds to discharge the liquid from the pipette at a
known desired flow rate or flow rates. As the plunger
moves, the liquid is forced from the pipette into the vis-
cosity sensor 15 and flows through the flow channel 31
in which the pressure drop of a fully developed flow of
the liquid is measured by the pressure sensors of the
monolithic pressure sensor 38. The pressures are meas-
ured as the local pressures over respective membrane
portions of the pressure sensors along the flow channel
31 deflect sensor membrane portions 34 into respective
cavities 33. The pressure drop measured along the flow
channel 31 (the difference in pressures measured be-
tween successive pressure sensors along the flow chan-
nel) is proportional to the viscosity of the liquid at the
specific flow rate. If the sample viscosity varies with the
flow rate, then the control can be instructed to dispense
the liquid at different flow rates in sequence, with or with-
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out flow stoppage. When the pressure values are ac-
quired and the viscosity values calculated as a function
of flow rate, the relationship is corrected for non-Newto-
nian viscosity in a known manner. The measured viscos-
ities may be displayed on the display 19, may be stored
in a controller memory or auxiliary memory, and/or trans-
mitted to a remote memory or computer.
[0046] As the liquid is injected into liquid flow channel
31 in the viscosity sensor 15 at an initially set flow rate
(or shear rate), the viscometer senses the pressure in-
side the liquid flow channel 31. The controller can be
programmed to determine if the pressure level is optimal
for the highest accuracy or assured accuracy of the vis-
cosity measurement. If the pressure level is too low, the
controller determines and sets the next flow rate value
and ramps up the flow rate to the new set value. The
controller continues the iteration to reach the optimal flow
rate for the particular viscosity measurement. In this way,
viscosity of unknown liquids can be accurately and au-
tomatically measured.
[0047] When the viscosity measurement or measure-
ments for a sample of liquid have been obtained, the
push back 11 is operated to move it back to a position to
allow the used pipette to be removed and a new pipette
with a sample of new liquid therein for testing to be in-
serted in the viscometer. The pipette with the sample of
new liquid to be tested may be a new disposable pipette
or a reloaded used pipette. For the new viscosity meas-
urement, the controller operates the viscometer as de-
scribed above to determine the viscosity of the sample
of new liquid. In this test, the liquid from the new sample
displaces the liquid from the old sample in the viscosity
sensor 15. In this way, no cleaning of the viscosity sensor
is needed. If the two successive liquids to be tested are
not compatible or miscible, then the viscosity sensor 15
needs to be cleaned with a cleaning liquid compatible to
both liquids to be tested prior to dispensing the new liquid
into the viscosity sensor 15. This cleaning can be done
by loading a pipette containing the cleaning liquid into
the viscometer and operating the viscometer to force the
cleaning liquid through the viscosity sensor 15 between
the two liquids being tested.
[0048] The viscometer 22 may be powered by a bat-
tery, such as a rechargeable battery, so that it is truly
portable, or may be powered by connecting it to a source
of power as it is moved from place to place.
[0049] In some instances it may be desirable to control
the temperature of the liquid for which the viscosity is
being measured. If temperature control is desired, the
viscometer 22, the viscosity sensor 15, and/or the sample
in the pipette 14 may be conditioned at a set temperature
with a Peltier based temperature control device or other
generally accepted temperature control means. For ex-
ample, as shown in Figure 5, which is similar to Figure
1, a temperature control device 50 may be placed in or
in contact with pipette mounting mechanism 28 so as to
heat or cool a liquid sample holding pipette 14 and the
liquid sample contained therein when the pipette is

mounted in the mounting mechanism 28. Depending up-
on how the temperature control device 50 is mounted in
pipette mounting mechanism 28, the pipette mounting
mechanism may also be heated or cooled to the set tem-
perature. Some time may be required for the sample in
the pipette to reach the set temperature. Similarly, a tem-
perature control device 52 may be placed in or in contact
with the viscosity sensor 15 so as to heat or cool and
maintain the temperature of the material forming flow
channel 31 of the viscosity sensor 15 at the set temper-
ature. This will tend to maintain the material flowing
through the flow channel 31 at substantially the set tem-
perature. As indicated, the temperature control devices
may be Peltier devices or other known temperature con-
trol devices. Further, temperature sensors can be posi-
tioned to measure the temperature of the sample liquid
at various locations in the viscometer. For example, a
temperature sensor can be included at one or more lo-
cations in the sensor membrane 37 along the flow chan-
nel 31 as shown in my prior referenced patents. Rather
than separately controlling the temperature of separate
components of the viscometer 22 as described above,
the viscometer 22, or the parts thereof to be temperature
controlled, may be mounted in a housing where the tem-
perature within the housing, and thus the temperature of
the entire viscometer or the parts thereof in the housing,
are together temperature controlled.
[0050] As indicated in my prior referenced patents, the
flow-through viscosity sensor described is very small,
generally constructed of semiconductor materials or oth-
er materials used in microfabrication processes. For ex-
ample, the pressure sensor membrane may be a portion
of a silicon wafer, while the pressure sensor substrate
and the channel substrate may be portions of a borosil-
icate glass wafer. The flow channel typically can be as
small as about ten micrometers in width and about one
micrometer in depth, with a length as short as about one
hundred micrometers. Thus, the flow-through viscosity
sensor is very small and small sample sizes can be used
in determining viscosity. This small size of the flow-
through viscosity sensor and the small amount of sample
needed for viscosity testing means that the other viscom-
eter components, such as the pipettes and the pump can
also be made relatively small so the viscometer can easily
be made as a relatively small portable unit.
[0051] Rather than making a portable viscometer, the
same viscometer construction can be used to provide a
stationary viscometer where samples of liquid to be test-
ed can be collected from different locations in different
pipettes and then transported to the viscometer and test-
ed at the location of the viscometer.
[0052] If desired, a database of published or otherwise
known viscosity values for liquids frequently measured
or that might be measured can be stored in a memory in
the viscometer controller. With such a database availa-
ble, a user can easily display a known viscosity value
from the database for a selected liquid and compare it to
the viscosity value measured for a sample liquid thought
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to be the known liquid. Discrepancies between the pub-
lished value and the measured value can indicate that
the test liquid is not the liquid it is thought to be or can
indicate problems with the viscometer so that the viscom-
eter can be checked. In addition, for various reasons, it
may be advantageous for a user from time to time to have
access to the known viscosity values of particular liquids
other than the liquid being tested at that time. Further,
the viscometer may store a history of measured viscosity
values with appropriate identification, again which may
be used by the user of the viscometer for various pur-
poses. For example, with such a history of measured
viscosity values, a user can compare the viscosity of a
liquid component being used in a manufacturing process
at different times to ensure that the liquid component is
within specifications required for the liquid component,
or can determine and correlate a viscosity value of the
component with particular desired attributes of the result-
ing product.
[0053] While the illustrated example of the pump is
shown and described in some examples as including a
motor, lead screw, and push back to move the plunger
in the pipette, various other means of moving the plunger
in the pipette or of providing a precision discharge of sam-
ple liquid from a sample container can be used.
[0054] Figure 6A is a schematic representation of a
viscometer.
[0055] Figure 6A illustrates that a viscometer includes
a viscosity sensor module 610. In some examples, the
viscosity sensor module 610 includes a single viscosity
sensor. In some examples, the viscosity sensor module
610 includes a plurality of viscosity sensors. In some ex-
amples, a viscosity sensor has a liquid flow channel and
at least two pressure sensors. The at least two pressure
sensors are positioned along the liquid flow channel (e.g.,
a first pressure sensor located at an upstream location
in the liquid flow channel and a second pressure sensor
located at a downstream location in the liquid flow chan-
nel) and configured to measure a pressure drop of a liquid
flowing through the liquid flow channel.
[0056] As illustrated in Figure 6A, the viscometer also
includes a dispensing mechanism 630 (e.g., the precision
pump 20, Figure 1). In some examples, the dispensing
mechanism 630 is configured to couple with a syringe
620 (e.g., a pipette). In some examples, the dispensing
mechanism 630 is configured to removably couple with
the syringe 620. The dispensing mechanism 630 is con-
figured to cause dispensing of a liquid from the syringe
620 to the viscosity sensor at a known flow rate. In some
examples, the syringe 620 is coupled with the viscosity
sensor. In some examples, the syringe 620 is removably
coupled with the viscosity sensor.
[0057] Figure 6A also illustrates that, in some exam-
ples, the viscometer includes an electronic controller 660
configured to control operations of the dispensing mech-
anism 630 and receive and process data from the vis-
cosity sensor module 610 (or one or more viscosity sen-
sors in the viscosity sensor module 610).

[0058] In some examples, the dispensing mechanism
630 comprises an autosampler. In some examples, the
autosampler is configured to collect liquid samples from
a plurality of containers (e.g., tubes, vials, or well in a
plate) and sequentially dispense the collected liquid sam-
ples (e.g., dispensing a first liquid sample from a first
container, followed by dispensing a second liquid sample
from a second container, etc.).
[0059] In some examples, the viscometer includes a
selection valve 650. In some embodiments, the selection
valve 650 is coupled with an inlet of the viscosity sensor
module 610 (or a viscosity sensor in the viscosity sensor
module 610) at one end and is coupled with the syringe
620 at another end. Typically, the selection valve 650 is
located between the viscosity sensor module 610 and
the syringe 620. In some examples, the selection valve
650 is configured to receive one or more of a gas and a
liquid from one or more sources other than the syringe
620. This is described below with respect to Figures 6C
and 6E. In some examples, the electronic controller 660
is configured to control operations of the selection valve
650.
[0060] In some examples, the electronic controller 660
is configured to store predetermined viscosity values of
preselected liquids (e.g., in a non-volatile memory of the
electronic controller 660 or in a separate storage device
that is located in the viscometer or remotely from the
viscometer). In some examples, the predetermined vis-
cosity values of the preselected liquids are used to iden-
tify a liquid, viscosity of which is measured by the vis-
cometer.
[0061] In some examples, the viscometer also includes
an outlet module 670. The outlet module 670 is coupled
with an outlet of the viscosity sensor module 610 (or an
outlet of a viscosity sensor in the viscosity sensor module
610). In some examples, the outlet module 670 is coupled
with one or more outlets of viscosity sensors in the vis-
cosity sensor module 610.
[0062] Figure 6B is a schematic representation of a
viscometer in accordance with some embodiments. The
viscometer illustrated in Figure 6B includes the viscosity
sensor module 610, the dispensing mechanism 630, and
the electronic controller 660, which are described above
with respect to Figure 6A. In some embodiments, certain
features described above with respect to Figure 6A are
applicable to Figure 6B. For brevity, these features are
not repeated herein.
[0063] Figure 6B illustrates that the viscosity sensor
module 610 includes a viscosity sensor 612. Figure 6B
also illustrates that, in some embodiments, the viscosity
sensor module 610 includes a sample preconditioner
614.
[0064] In some embodiments, the sample precondi-
tioner 614 includes a temperature control device (e.g., a
thermoelectric device, in particular, a solid-state thermo-
electric device such as a Peltier device, which is config-
ured for cooling, heating, or both). In some embodiments,
the sample preconditioner 614 is configured to control a
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temperature of a sample liquid using the temperature
control device. In some embodiments, the sample pre-
conditioner 614 includes a temperature sensor to meas-
ure a temperature of the sample liquid.
[0065] In some embodiments, the viscosity sensor 612
in the viscosity sensor module 610 is coupled with a tem-
perature control device. The temperature control device
coupled with the viscosity sensor 612 is configured to
control a temperature of the viscosity sensor 612. In some
embodiments, the viscosity sensor 612 is coupled with
a temperature sensor. In some embodiments, the vis-
cosity sensor module 610 is coupled with a temperature
control device. The temperature control device coupled
with the viscosity sensor module 610 is configured to
control a temperature of the viscosity sensor module 610.
In some embodiments, the viscosity sensor module 610
is coupled with a temperature sensor. In some embodi-
ments, the syringe 620 is coupled with a temperature
control device. The temperature control device coupled
with the syringe 620 is configured to control a tempera-
ture of the syringe 620. In some embodiments, the sy-
ringe 620 is coupled with a temperature sensor.
[0066] In some embodiments, the electronic controller
660 is configured to initiate operations of one or more
temperature control devices (e.g., heating or cooling op-
erations) described above. In some embodiments, the
electronic controller 660 is configured to receive temper-
ature information from one or more temperature sensors
described above.
[0067] The syringe 620 includes a barrel 622. In some
embodiments, the syringe 620 includes a plunger 624
(also called a piston). For example, in some embodi-
ments, the syringe 620 includes both the barrel 622 and
the plunger 624 to dispense a liquid to a viscosity sensor.
In some embodiments, the syringe 620 includes a barrel
622 through which a liquid is dispensed to a viscometer,
without including a plunger 624.
[0068] In some embodiments, the dispensing mecha-
nism 630 includes one or more of an adapter 632, a motor
634, and a lead screw 636. In some embodiments, the
lead screw 636 is coupled with the motor 634 and the
adapter 632. For example, in some embodiments, a ro-
tation of the motor 634 initiates a rotation of the lead
screw 636, which in turn initiates a linear movement of
the adapter 632 along a longitudinal direction of the lead
screw 636. In some embodiments, the adapter 632 is
configured to mate with the plunger 624 of the syringe
620. In some embodiments, the adapter 632 is config-
ured to releasably mate with the plunger 624 of the sy-
ringe 620. For example, in some embodiments, a rotation
of the motor 634 initiates a linear movement of the plung-
er 624.
[0069] Figure 6B also illustrates that the viscometer
includes a sample loading interface 626. The syringe 620
is coupled with the sample loading interface 626. In some
embodiments, the syringe 620 includes the sample load-
ing interface 626. In some other examples not falling un-
der the scope of the claimed invention, the selection valve

650 includes the sample loading interface 626. In some
examples not falling under the scope of the claimed in-
vention, the selection valve 650 is coupled with the sam-
ple loading interface 626. In some examples not falling
under the scope of the claimed invention, the dispensing
mechanism 630 includes the sample loading interface
626. In some examples not falling under the scope of the
claimed invention, the dispensing mechanism 630 is con-
figured to couple with the sample loading interface 626.
For example, in some examples, the dispensing mech-
anism 630 includes a peristaltic pump that initiates dis-
pensing of a liquid, received through the sample loading
interface 626, to a viscometer (e.g., through the syringe
620). In such examples, the viscometer need not require
a plunger (thus, in some examples, the syringe 620 does
not include a plunger).
[0070] In some embodiments, the outlet module 670
includes one or more of: a positive pressure source 672,
a pH meter 674, a conductivity meter 676, and a density
meter 678. The pH meter 674 is configured to measure
a pH of the liquid. As used herein, a pH refers to a meas-
ure of an acidity or basicity of the liquid. The density meter
678 is configured to measure a density of the liquid. The
conductivity meter 676 is configured to measure a con-
ductivity of the liquid. In some embodiments, the pH me-
ter 674 is configured to measure a pH of the liquid con-
currently with a measurement of a viscosity of the liquid
(e.g., by a viscometer). In some embodiments, the den-
sity meter 678 is configured to measure a density of the
liquid concurrently with a measurement of a viscosity of
the liquid (e.g., by a viscometer). In some embodiments,
the conductivity meter 676 is configured to measure a
conductivity of the liquid concurrently with a measure-
ment of a viscosity of the liquid (e.g., by a viscometer).
[0071] In some embodiments, the positive pressure
source 672 includes a pump. In some embodiments, the
pump is configured to provide a predefined pressure to
an outlet of the viscosity sensor module 610 (or the vis-
cosity sensor 612 in the viscosity module 610). In some
embodiments, the positive pressure source 672 includes
a pressurized gas source (e.g., a pressurized gas tank,
such as a nitrogen gas tank, or a pump that provides a
pressurized air). In some embodiments, a pressure pro-
vided to the outlet of the viscosity sensor module 610 by
the positive pressure source 672 causes a liquid in the
viscosity sensor module 610 (or the viscosity sensor 612
in the viscosity module 610) to move toward the syringe
620. In some cases, applying a negative pressure from
the syringe 620 (e.g., by pulling the plunger 624) to move
a liquid in the viscosity sensor 612 to the syringe 620
damages pressure sensors in the viscosity sensor 612
(e.g., in some cases, a vacuum created by the suction
from the syringe 620 damages the pressure sensors in
the viscosity sensor 612). Thus, applying a positive pres-
sure to the outlet of the viscosity sensor 612 enables
moving the liquid in the viscosity sensor 612 to the syringe
620 without applying a negative pressure to the viscosity
sensor 612, thereby avoiding damages to the pressure
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sensors in the viscosity sensor 612. In some embodi-
ments, both a positive pressure applied to the outlet of
the viscosity sensor 612 and a negative pressure applied
to the inlet of the viscosity sensor 612 are used to move
the liquid in the viscosity sensor 612 to the syringe 620.
In such embodiments, the negative pressure applied to
the inlet of the viscosity sensor 612 is less than a negative
pressure that is required at the inlet of the viscosity sensor
612 to move the liquid in the viscosity sensor 612 to the
syringe 612 without application of a positive pressure to
the outlet of the viscosity sensor 612, thereby reducing
damages to the pressure sensors in the viscosity sensor
612.
[0072] In some embodiments, the provision of the pres-
sure by the positive pressure source 672 is controlled by
the electronic controller 660. For example, when the pos-
itive pressure source 672 includes a pump, the electronic
controller 660 is configured to control operations (e.g.,
initiation and termination) of the pump. In another exam-
ple, when the positive pressure source 672 includes a
pressurized gas source with a control valve, the electron-
ic controller 660 is configured to control operations (e.g.,
opening and closing) of the control valve. In some em-
bodiments, the positive pressure source 672 includes a
waste container.
[0073] Liquids can be provided to the viscometer in
multiple ways.
[0074] In accordance with the claimed invention, a liq-
uid is first provided into a syringe before the liquid is dis-
pensed to the viscosity module 610. The barrel 622 in-
cludes a side port through which the barrel 622 is coupled
with the sample loading interface 626. In some embodi-
ments, the plunger 624 is moved to an end position,
thereby allowing a sample loading through the sample
loading interface 626 into the barrel 622. Then, a liquid
is injected into the barrel 622. In some cases, the injected
liquid fills the syringe 620 (or the barrel 622 of the syringe
620). By moving the adaptor 632 of the dispensing mech-
anism 630, the plunger 624 is moved to begin injection
of the liquid to the viscosity sensor module 610. By con-
trolling a speed of the adaptor 632 (and hence a speed
of the plunger 624), a flow rate and a shear rate of the
liquid within the viscosity sensor 612 is controlled.
[0075] In some embodiments, the injected liquid is re-
trieved back to the syringe 620. This is often desired if a
volume of the liquid is limited or if the liquid is to be reused.
In this case, the plunger 624 is pulled by a movement of
the adaptor 632. In some embodiments, the positive
pressure source 672 (or a positive pressure applied by
the positive pressure source 672) is used to facilitate re-
trieving of the injected liquid. In particular, the positive
pressure source 672 (or a positive pressure applied by
the positive pressure source 672) greatly increases a
speed of retrieving the injected liquid. Thus, in some em-
bodiments, the injected liquid is retrieved back to the sy-
ringe 620 by a pressure applied by the positive pressure
source 672. In some embodiments, the injected liquid is
retrieved back to the syringe 620 primarily by a pressure

applied by the positive pressure source 672. In some
embodiments, the injected liquid is retrieved back to the
syringe 620 solely by a pressure applied by the positive
pressure source 672.
[0076] In accordance with the claimed invention, an
autosampler is used to provide liquids to the viscometer.
The autosampler is configured to receive an array of vials
or wells (e.g., wells in a 96 well plate). The array of vials
or wells includes respective liquids for viscosity meas-
urements. The autosampler is configured to aspirate a
liquid in a vial or a well into an injector syringe (which is
distinct from the syringe 620 in some embodiments) and
then move the injector syringe to the sample loading in-
terface 626 to load the liquid to the syringe 620. In some
embodiments, the viscometer is coupled with liquid han-
dling equipment for testing many samples unattended.
In some embodiments, the liquid handling equipment is
configured to retrieve a sample solution from vials in a
tray or a well plate (e.g., 96-well plate or 384-well plate).
[0077] In some embodiments, the syringe 620 and the
dispensing mechanism 630 are integral parts of the au-
tosampler. The autosampler is configured to position the
syringe 620 for aspirating a liquid into the syringe 620,
and to initiate loading the liquid into the syringe 620 using
the dispensing mechanism 630. The autosampler is con-
figured to, after the liquid is loaded into the syringe 620,
move and position the syringe 620 for dispensing the
liquid into an inlet of the viscosity sensor module 610,
and initiate dispensing the liquid using the dispensing
mechanism 630 at a controlled flow rate for a viscosity
measurement. In some embodiments, all these opera-
tions are controlled by the electronic controller. In some
embodiments, one or more measured viscosity values
are displayed. In some embodiments, these operations
are fully automated and repeated for multiple liquids,
which increases a throughput of viscosity measure-
ments.
[0078] In some embodiments, a liquid is loaded
through the selection valve 650 positioned between the
viscosity sensor module 610 and the syringe 620. In
some embodiments, the selection valve 650 has more
than two ports. For example, in some embodiments, a
two-position three-port valve is used. A first port is cou-
pled with the viscosity sensor module 610, a second port
is coupled with the syringe 620, and a third port is used
for receiving liquids. When the valve is in a first position,
the third port and the second port are fluidically connected
(e.g., a liquid provided into the third port flows into the
syringe 620 through the second port) while the first port
is fluidically disconnected (e.g., a liquid provided into the
third port or a liquid in the syringe 620 connected to the
second port does not flow into the viscosity sensor mod-
ule 610). When the valve is in a second position, the first
port and the second port are fluidically connected (e.g.,
a liquid in the syringe 620 connected to the second port
flows into the viscosity sensor module 610 connected to
the first port) while the third port is fluidically disconnected
(e.g., a liquid provided into the third port does not flow
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into the viscosity sensor module 610 connected to the
first port or the syringe 620 connected to the second port).
While the valve is in the first position, the plunger 624 is
pulled to aspirate a liquid from the third port to the syringe
620. In some embodiments, when an air gap is formed
adjacent to an end of the plunger 624, additional liquid
can be provided through the sample loading interfaced
626 to remove the air gap. After the liquid is loaded into
the syringe 620, the valve is switched into the second
position, thereby fluidically connecting the syringe 620
and the viscosity sensor module 610. Then the dispens-
ing mechanism 630 causes dispensing of the liquid at a
controlled speed or shear rate into the viscosity sensor
module 610 for viscosity measurement.
[0079] In some embodiments, the syringe 620 includes
a combination of injection valves. In some embodiments,
the syringe 620 includes the combination of injection
valves without the plunger 624 or the barrel. The combi-
nation of injection valves facilitates semi-continuous test-
ing of liquids. In some embodiments, a liquid (also called
herein a sample liquid) is provided to a sample loop of
the injection valves, followed by injecting the liquid to a
stream of liquids. In some embodiments, loading liquids
to the sample loop and injecting the liquids to the stream
of liquids are repeated. This repetition can enable semi-
continuous viscosity measurements.
[0080] In some embodiments, the sample liquid is sur-
rounded by mobile eluent. In some embodiments, the
mobile eluent is miscible with the sample liquid. In some
embodiments, the mobile eluent is immiscible with the
sample liquid. For example, fluorocarbon is an excellent
eluent. In some embodiments, the mobile eluent is pro-
vided by an immiscible liquid source 682, which is de-
scribed below with respect to Figure 6C.
[0081] In some examples not falling under the scope
of the claimed invention, a liquid is loaded into the syringe
620 directly, without using the sample loading interface
626. For example, in some examples not falling under
the scope of the claimed invention, the syringe 620 is
decoupled from the viscosity sensor module 610 and one
end of the syringe 620 (opposite to the plunger 624 of
the syringe 620) is inserted into a sample liquid. The sam-
ple liquid is loaded into the syringe 620 by retracting the
plunger 624. Then the syringe 620 is moved to couple
with an inlet of the viscosity sensor module 610. After the
syringe 620 is coupled with the inlet of the viscosity sen-
sor module 610, the sample liquid is injected for viscosity
measurement. In some examples, positioning and mov-
ing the positive syringe up and down are utilized using a
transporting device (e.g., a robotic arm in an autosam-
pler).
[0082] The viscometer described herein can operate
in a high pressure environment (e.g., a pressure as high
as 30,000 psi if the pressure sensors in the viscosity sen-
sor 612 are configured to detect only a difference be-
tween a pressure above a sensor membrane 33 (Figure
2B) and below the sensor membrane 33. This can be
achieved by forming a vent line 31 (Figure 2B) below the

sensor membrane (33). The vent line equilibrates the
pressures above (37, Figure 2B) and below (33) the
membranes under any pressure condition to which the
viscosity sensor is subject. As the liquid flows through
the flow channel (34, 35, 36, Figure 2B) at a controlled
flow rate, viscosity of the liquid increases the pressure
above the membrane (37). The pressure increment is
measured accurately by the chip (39, Figure 2B).
[0083] In some embodiments, a liquid in the syringe
620 is maintained under a preselected pressure. In some
embodiments, the dispensing mechanism 630 is main-
tained at a preselected pressure. This is significant, be-
cause, with a certain liquid, the viscosity of the liquid var-
ies depending on the pressure of the liquid. With such
liquid, the liquid in the syringe needs to be preserved at
a desired pressure condition for accurate viscosity meas-
urements. For example, viscosity of oil during an extrac-
tion process (e.g., from a deep well) is of great interest
for petroleum operations. Oil in a deep well is typically
maintained at a high pressure (e.g., an in situ pressure
in a deep well, which is typically at a pressure higher than
an atmospheric pressure) during an extraction process.
However, measuring the viscosity of the oil at a low pres-
sure (e.g., an atmospheric pressure) is inaccurate, be-
cause at the low pressure, volatiles in the oil, dissolved
in the oil under high pressure, evaporate and change the
viscosity of the oil. This process cannot be reversed sim-
ply by re-pressurizing the oil to the high pressure after
volatiles in the oil have evaporated. Thus, in such appli-
cation, the liquid in the syringe needs to be maintained
at the preselected pressure for accurate viscosity meas-
urements.
[0084] Figure 6C is a schematic representation of a
viscometer in accordance with some embodiments. The
viscometer illustrated in Figure 6C includes the viscosity
sensor module 610, the dispensing mechanism 630, and
the electronic controller 660, which are described above
with respect to Figures 6A and 6B. In some embodiments,
certain features described above with respect to Figures
6A and 6B are applicable to Figure 6C. For brevity, these
features are not repeated herein.
[0085] The viscometer in Figure 6C also includes the
selection valve 650, which is described above with re-
spect to Figure 6B.
[0086] In some embodiments, the selection valve 650
is coupled with a second syringe 680. In some embodi-
ments, the viscometer includes the second syringe 680.
In some embodiments, the syringe 620 is configured to
provide a first liquid, and the second syringe 680 is con-
figured to provide a second liquid. In some embodiments,
the first liquid includes proteins of a first type, and the
second liquid includes proteins of a second type.
[0087] In some embodiments, the second syringe 680
is coupled with a second dispensing mechanism 690. In
some embodiments, the second syringe 680 is coupled
with the dispending mechanism 630 that is also coupled
with the syringe 620.
[0088] In some cases, viscosity of a mixture of liquids
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needs to be measured. In some embodiments, the liquids
are mixed first off line before the viscosity of the mixture
is measured. In some embodiments, the viscometer in-
cludes a mixer configured to mix multiple liquids on line.
In some embodiments, the viscometer measures a vis-
cosity of the mixture as a function of concentration by
adjusting a mixing ratio (e.g., a ratio of flow rates of the
liquids). In some embodiments, the mixing ratio of the
liquids is changed by changing pumping rates of one or
more liquids if external pumps are used to dispense the
liquids. For example, a first liquid is a solvent and a sec-
ond liquid is a solution of a polymer dissolved in the sol-
vent at a high concentration. By varying the mixing ratio,
a viscosity of the mixture can be measured as a function
of a polymer concentration. In some embodiments, the
mixture is injected directly to an inlet of the viscosity sen-
sor module 610. In some other embodiments, the mixture
is injected first to the syringe 620. In some embodiments,
the selection valve 650 is used to mix liquids. For exam-
ple, in some embodiments, the selection valve 650 in-
cludes a multi-port variable-flow-rate valve configured to
adjust a ratio of flow rates of multiple liquids.
[0089] In some embodiments, the selection valve 650
is coupled with an immiscible liquid source 682. In some
embodiments, the immiscible liquid source 682 includes
a pump and a reservoir configured to store an immiscible
liquid. The immiscible liquid source 682 is configured to
provide a liquid that is immiscible with liquids in the sy-
ringe 620 and the second syringe 680. For example,
when the syringe 620 and the second syringe 680 include
polar liquids (e.g., water), the immiscible liquid source
682 is configured to provide a nonpolar liquid. In some
embodiments, the electronic controller 660 is configured
to control operations of the immiscible liquid source 682.
In some embodiments, the electronic controller 660 is
configured to initiate providing an immiscible liquid be-
tween two liquid samples entering the viscosity sensor
module 610. Providing the immiscible liquid between two
liquid samples prevents mixing between the two liquid
samples.
[0090] Figure 6D is a schematic representation of a
viscometer in accordance with some embodiments. The
viscometer illustrated in Figure 6D includes the viscosity
sensor module 610, the dispensing mechanism 630, and
the electronic controller 660, which are described above
with respect to Figures 6A and 6B. Figure 6D also illus-
trates the syringe 620, which is described above with
respect to Figures 6A and 6B. In some embodiments,
the viscometer includes the selection valve 650, which
is described above with respect to Figures 6A-6C. In
some embodiments, certain features described above
with respect to Figures 6A-6C are applicable to Figure
6D. For example, in some embodiments, the viscometer
illustrated in Figure 6D includes one or more of: the sec-
ond syringe 680 (Figure 6C) and the second dispensing
mechanism 690 (Figure 6C). For brevity, these features
are not repeated herein.
[0091] In Figure 6D, the viscometer also includes a

transporting device 692, which is configured to couple
with the syringe 620 and the dispensing mechanism 660.
In some embodiments, the transporting device 692 is
configured to move the syringe 620 between a first loca-
tion for aspirating a test liquid into the syringe 620 (e.g.,
the location of the syringe 620 shown in Figure 6D) and
a second location for coupling the syringe 620 to the vis-
cosity sensor module 610 (or a viscosity sensor in the
viscosity sensor module 610) (e.g., the location of the
syringe 620 shown in Figure 6B). As illustrated in Figures
6B and 6D, the second location (for coupling the syringe
620 to the viscosity sensor module 610, Figure 6B) is
distinct from the first location (for aspirating a test liquid
into the syringe 620, Figure 6D). In some embodiments,
the transporting device 692 is configured to move the
syringe 620 between the first location and the second
location independent of user intervention (e.g., without a
manual input from a user). In some embodiments, the
electronic controller 660 is configured to control opera-
tions of the transporting device 692.
[0092] In some embodiments, the syringe 620, when
positioned at the first location, is in contact with the test
liquid in a test liquid container 696 (e.g., a vial, tube, bot-
tle, etc.). In some examples not falling under the scope
of the claimed invention, the dispensing mechanism 630
is activated to initiate aspirating the test liquid into the
syringe 620 (e.g., by pulling back a plunger of the syringe
620).
[0093] In some embodiments, the transporting device
692 includes a robotic arm. In some embodiments, the
transporting device 692 includes one or more rotary
joints. In some embodiments, the transporting device 692
includes one or more rails 694. In some embodiments,
the transporting device 692 includes a belt and pulley
mechanism for moving the syringe 620 between the first
location and the second location. In some embodiments,
the electronic controller 660 is configured to control the
transporting device 692.
[0094] Figure 6E is a schematic representation of a
viscometer in accordance with some embodiments. The
viscometer illustrated in Figure 6E includes the viscosity
sensor module 610, the dispensing mechanism 630, and
the electronic controller 660, which are described above
with respect to Figures 6A and 6B. Figure 6D also illus-
trates the syringe 620, which is described above with
respect to Figures 6A and 6B. In some embodiments,
the viscometer includes the selection valve 650, which
is described above with respect to Figures 6A-6C. In
some embodiments, certain features described above
with respect to Figures 6A-6D are applicable to Figure
6E. For example, in some embodiments, the viscometer
illustrated in Figure 6E includes the transporting device
692 (Figure 6D). In another example, in some embodi-
ments, the viscometer illustrated in Figure 6E includes
the second syringe 680 (Figure 6C) and the second dis-
pensing mechanism 690 (Figure 6C). For brevity, these
features are not repeated herein.
[0095] In some embodiments, the selection valve 650
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is coupled with one or more of: a cleaning solution source
697, a gas source 698, and a reference liquid source
699. In some embodiments, at least one of the cleaning
solution source 697, the gas source 698, and the refer-
ence liquid source 699 includes a pump and a reservoir
configured to store a respective gas or liquid.
[0096] In some embodiments, the cleaning solution
source 697 is configured to provide a cleaning solution.
For example, in some embodiments, the cleaning solu-
tion source 697 provides the cleaning solution to the se-
lection valve 650 to clean the selection valve 650. In some
embodiments, the cleaning solution source 697 provides
the cleaning solution to clean the viscosity sensor module
610 (or a viscosity sensor in the viscosity sensor module
610, and in particular, a liquid flow channel of the viscosity
sensor). In some embodiments, the cleaning solution
source 697 provides the cleaning solution to clean the
syringe 620. In some embodiments, a miscible and vol-
atile solution is used as a cleaning solution, thereby en-
abling faster evaporation of the cleaning solution.
[0097] In some embodiments, the gas source 698 is
configured to provide a gas. In some embodiments, the
gas provided by the gas source 698 is a dry gas (e.g.,
dry nitrogen and clean dry air, such as -100°F dew point
air). In some embodiments, the gas source 698 provides
the gas to the selection valve 650 to dry the selection
valve 650. For example, any remaining liquid (e.g., a
cleaning solution) is dried with the gas. In some embod-
iments, the gas source 698 provides the gas to dry the
viscosity sensor module 610 (or a viscosity sensor in the
viscosity sensor module 610). In some embodiments, the
gas source 698 provides the gas to dry the syringe 620.
[0098] In some embodiments, the reference liquid
source 699 is configured to provide a reference liquid. In
some embodiments, the reference liquid is a liquid of a
known viscosity (e.g., under one or more measuring con-
ditions, such as at one or more temperatures). In some
embodiments, the reference liquid source 699 provides
the reference liquid to the viscosity sensor module 610
(or a viscosity sensor in the viscosity sensor module 610).
In some embodiments, the viscosity sensor module 610
measures a viscosity of the reference liquid under one
or more measuring conditions for calibration.
[0099] In some embodiments, the electronic controller
660 is configured to control operations of the cleaning
solution source 697. In some embodiments, the electron-
ic controller 660 is configured to control operations of the
gas source 698. In some embodiments, the electronic
controller 660 is configured to control operations of the
reference liquid source 699. In some embodiments, the
electronic controller 660 is configured to initiate providing
a cleaning solution in response to a completion of a vis-
cosity measurement. In some embodiments, the elec-
tronic controller 660 is configured to initiate providing a
gas in response to completion of providing the cleaning
solution. In some embodiments, the electronic controller
660 is configured to initiate providing a reference liquid
between two liquid samples. In some embodiments, the

electronic controller 660 is configured to initiate providing
one or more of the cleaning solution and the gas in re-
sponse to completion of providing the reference liquid.
[0100] The viscometer can be used in various applica-
tions. In some embodiments, the viscometer is used for
determining a molecular size (or a molecular weight) of
macromolecules. Intrinsic viscosity is related with the
size of molecules. Intrinsic viscosity [η] is calculated by
the equation: 

where ηs is a viscosity of solvent, c is a concentration of
a solute (e.g., macromolecules), η is a viscosity of a so-
lution that includes the solvent and the solute. In order
to measure an intrinsic viscosity, viscosity values of so-
lutions with different concentrations of the solute is meas-
ured. In some embodiments, by extrapolating the meas-
ured viscosity values toward a zero concentration of the
solute, an intrinsic viscosity is determined.
[0101] In some embodiments, a set of solutions is pre-
pared by mixing a macromolecular solute with a solvent
at different concentrations of the macromolecular solute,
and viscosity of each solution is measured. In some em-
bodiments, the set of solutions is prepared off line (e.g.,
outside the viscometer). In some other embodiments, the
set of solutions is prepared on-line. In some embodi-
ments, the set of solutions is prepared using a mixer in
the viscometer. For example, a first syringe is loaded with
a solution at a high concentration of a solute (also called
herein a stock solution) and a second syringe is loaded
with a solution with a low concentration of the solute or
a solution that does not include the solute (e.g., a sol-
vent). By changing flow rates at which solutions in the
first and second syringes are provided, a mixture with a
different concentration of the solute is obtained. In this
way, concentration can be changed continuously or in a
discrete manner.
[0102] The intrinsic viscosity is related with a molecular
weight of the macromolecules in accordance with the
Mark-Houwink-Sakurada equation: 

where M is the molecular weight and K and a are param-
eters that depend solely on a temperature of the solution.
Thus, in some embodiments, a molecular weight of a
macromolecule (e.g., a protein) is determined from the
intrinsic viscosity of the solution and values of K and a
for the temperature of the solution using the Mark-Hou-
wink-Sakurada equation. In some embodiments, the vis-
cometer stores predetermined values of K and a for a
plurality of temperatures.
[0103] In some embodiments, the viscometer is used
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for determining a melting temperature of proteins (e.g.,
macromolecular proteins). A melting temperature of a
protein is defined to be a threshold temperature at which
the protein becomes denatured. At the melting temper-
ature, the protein typically loses its function (which is of-
ten described as a loss of its efficacy). The melting tem-
perature of the protein is known to be related with a sta-
bility of the protein in solutions. Therefore, the melting
temperature of a protein has a significant importance in
biological and chemical reactions. Circular dichroism and
differential scanning calorimetry have been used to
measure a melting temperature of a protein. However,
these traditional methods have limitations. For example,
in many practical applications, protein concentrations are
low, which make accurate measurements by these tra-
ditional methods challenging. In addition, a holdup time
or duration during which a solution is subject to a constant
temperature is an important parameter in determining a
melting temperature of proteins. With traditional meth-
ods, a temperature of the protein is ramped up or down
with a constant scan rate, the holdup time cannot be var-
ied independently, thereby making accurate determina-
tion of the melting temperature challenging. Furthermore,
correlating a change of viscosity of a solution with a melt-
ing temperature of a protein in the solution has remained
challenging. In particular, solutions in the traditional rh-
eometers remain exposed to air, and an evaporation of
a solvent in the solution and premature denaturation of
proteins led to inaccurate viscosity measurements. Other
traditional methods, such as traditional methods based
on circular dichroism are not capable of measuring vis-
cosity of a solution with a high protein concentration.
[0104] In summary, traditional viscometers measure
apparent viscosity, instead of intrinsic viscosity, and re-
quire a large volume of a liquid. The large liquid volume
requirement with traditional viscometers also increases
a cleaning time and a wasted volume of cleaning solu-
tions. Unlike traditional viscometers, viscometers de-
scribed herein are configured to measure accurately a
melting temperature of proteins. In at least one aspect,
a solution is fully enclosed in viscometers described here-
in, an evaporation of the solution (or a solvent in the so-
lution) is none. Thus, a solute concentration is precisely
preserved for a high accuracy of viscosity measurement.
[0105] In some embodiments, viscosity of a macromol-
ecule is measured as a function of temperature. Figure
7 is a chart that illustrates a method of determining a
melting temperature in accordance with some embodi-
ments. Figure 7 shows viscosity of a phosphate buffered
saline (PBS) for a plurality of temperatures (indicated with
circular markers). As shown in Figure 7, viscosity of the
phosphate buffered saline decreases monotonically with
an increasing temperature. Figure 7 also illustrates that
viscosity of a bovine gamma globulin solution (e.g., 3
mg/ml bovine gamma globulin solution) decreases with
an increasing temperature for a temperature range of 62
°C and below (indicated with square markers). Figure 7
further illustrates that viscosity of the globulin solution

levels off or increases at 64 °C and above. The temper-
ature at the point of leveling off or increase in viscosity
is related to the melting temperature. Thus, in this exam-
ple, a melting temperature of a globulin is determined to
be 64 °C.
[0106] Figures 8A-8C are flow charts representing a
method 800 of measuring a viscosity of a liquid in ac-
cordance with some embodiments.
[0107] In some embodiments, each of the following op-
erations is performed by the viscometer, independent of
user intervention (e.g., without user intervention).
[0108] In some embodiments, the method includes
(802) coupling a syringe with a viscosity sensor (e.g., in
Figure 6B, the syringe 620 is coupled with the viscosity
sensor 612 in the viscosity sensor module 610). The sy-
ringe is communicably coupled with the viscosity sensor
so that the syringe is configured to dispense a liquid to
the viscosity sensor (e.g., a liquid flow channel in the
viscosity sensor).
[0109] In some embodiments, the syringe includes the
sample loading interface (e.g., in Figure 6B, the syringe
620 includes the sample loading interface 626).
[0110] In some embodiments, the method includes
(804) moving the syringe between a first location for as-
pirating a test liquid into the syringe and a second location
for coupling the syringe to the viscosity sensor independ-
ent of user intervention. The second location is distinct
from the first location. For example, as shown in Figures
6B and 6D, the syringe 620 is moved between the first
location (as shown in Figure 6D) and the second location
(as shown in Figure 6B).
[0111] In some embodiments, moving the syringe be-
tween the first location and the second location includes
(806) moving the syringe between the first location and
the second location using a transporting device. For ex-
ample, as shown in Figure 6D, the syringe is moved be-
tween the first location and the second location using the
transporting device (e.g., a robotic arm). Figure 6B does
not illustrate the transporting device 692, but a person
having ordinary skill in the art would understand that the
transporting device 692 can move the syringe from the
first location illustrated in Figure 6D to the second location
illustrated in Figure 6B.
[0112] In accordance with the present invention, the
method includes (808) aspirating the test liquid into the
syringe independent of user intervention. In some exam-
ples, as shown in Figure 6D, the dispensing mechanism
630 is used to aspirate a test liquid into the syringe 620
by pulling a plunger of the syringe 620. In some embod-
iments, the test liquid is stored in a pressurized container
and is forced into the syringe 620 without using the dis-
pensing mechanism 630.
[0113] In accordance with the claimed invention, the
method includes (810) receiving, at a viscometer com-
prising a viscosity sensor (e.g., the viscosity sensor 612,
Figure 6B) with a liquid flow channel, a liquid from a sy-
ringe into the liquid flow channel at a known flow rate.
The viscometer includes a dispensing mechanism (e.g.,
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the dispensing mechanism 630, Figure 6B) and an elec-
tronic controller (e.g., the electronic controller 660, Figure
6B). At least two pressure sensors are positioned along
the liquid flow channel and configured to measure a pres-
sure drop of the liquid flowing through the liquid flow chan-
nel (e.g., Figure 2B). The electronic controller (e.g., the
electronic controller 660, Figure 6B) is configured to con-
trol operations of the dispensing mechanism and receive
and process data. The dispensing mechanism is config-
ured to couple with the syringe and cause dispensing of
a liquid in the syringe to the viscosity sensor at the known
flow rate.
[0114] The method includes (812) measuring a viscos-
ity of the liquid. The viscosity of the liquid is measured
using the viscosity sensor module 610 (or the viscosity
sensor 612 in the viscosity sensor module 610, Figure
6B). Measurement of a viscosity of a liquid is described
above with respect to Figure 2B, and is not repeated for
brevity.
[0115] The viscometer includes a sample loading in-
terface (e.g., the sample loading interface 626, Figure
6B) through which the viscometer is configured to receive
the liquid.
[0116] In some embodiments, a plurality of liquid flow
channels is defined in the viscosity sensor and at least
two pressure sensors are positioned along each of two
or more liquid flow channels of the plurality of liquid flow
channels. For example, liquid flow channels 31 shown in
Figure 2C are defined in a single viscosity sensor.
[0117] In some embodiments, the viscometer includes
a viscosity sensor module that includes a plurality of vis-
cosity sensors. For example, in some embodiments,
each liquid flow channel 31 illustrated in Figure 2C is
used by a respective viscosity sensor. In some embodi-
ments, the plurality of viscosity sensors is located in a
single viscosity sensor module. In some embodiments,
the multiple viscosity sensors increase a dynamic range
of shear rates that can be measured by the viscometer.
In some embodiments, the dynamic range of shear rates
is increased by including multiple viscosity sensor mod-
ules, multiple syringes, and multiple dispensing modules.
For example, a first combination of a first viscosity sensor
module and a first syringe is configured to measure a
first range of shear rates, and a second combination of
a second viscosity sensor module and a second syringe
is configured to measure a second range of shear rates
that is distinct from the first range of shear rates. Com-
bining the two ranges of shear rates allows viscosity
measurements in a wider range of shear rates. This is
desirable in certain applications. In some embodiments,
a combination of multiple viscosity sensor modules, mul-
tiple syringes, and multiple dispensing modules is used
to increase a throughput of viscosity measurements.
[0118] In some embodiments, the liquid includes (814)
a polymer (e.g., a macromolecule), and the method fur-
ther includes determining a molecular weight of the pol-
ymer.
[0119] In some embodiments, the liquid includes (816)

a protein, and the method further includes determining a
melting temperature of the protein.
[0120] In some embodiments, the method includes
(818) determining viscosity values of the liquid at a plu-
rality of temperatures, the liquid including proteins of a
first type (e.g., globular proteins); and determining a melt-
ing temperature of the proteins of the first type from vis-
cosity values of the liquid at the plurality of temperatures.
In some embodiments, determining the melting temper-
ature of the proteins of the first type includes identifying
a temperature at which viscosity of the proteins of the
first type increases or levels off with an increasing tem-
perature. In some embodiments, determining the melting
temperature of the proteins of the first type includes iden-
tifying an inflection point in a viscosity-temperature plot
for the proteins of the first type.
[0121] In some embodiments, the method includes
(820) determining viscosity values of a second liquid at
a plurality of temperatures. The second liquid includes
proteins of a second type (e.g., fibrous proteins). The
method also includes determining a melting temperature
of the proteins of the second type from viscosity values
of the second liquid at the plurality of temperatures. De-
tails of determining the melting temperature of the pro-
teins of the first type are applicable to determining the
melting temperature of the proteins of the second type,
and thus, are not repeated for brevity.
[0122] In some embodiments, the method includes
(822) controlling a temperature of the viscosity sensor.
In some embodiments, controlling the temperature in-
cludes (824) operating one or more temperature control
devices (e.g., one or more thermoelectric heating or cool-
ing devices).
[0123] In some embodiments, the method includes
(826) maintaining the temperature of the viscosity sensor
at a first temperature and maintaining the temperature
of the syringe at a second temperature distinct from the
first temperature. In some embodiments, the method in-
cludes maintaining the temperature of the viscosity sen-
sor and the temperature of the syringe at a same tem-
perature.
[0124] In some embodiments, the method includes
(828) controlling a temperature of the syringe. In some
embodiments, controlling the temperature includes op-
erating one or more temperature control devices (e.g.,
one or more thermoelectric heating or cooling devices).
[0125] In some embodiments, the method includes
(830) mixing, at the viscometer, the liquid with a solvent
to obtain a mixed solution. A concentration of a solute in
the mixed solution is distinct from a concentration of the
solute in the liquid. The method also includes measuring
a viscosity of the mixed solution. The method further in-
cludes repeating the mixing and the measuring to obtain
viscosity values of the mixed solution for a plurality of
concentrations of the solute. In some embodiments, the
method includes determining intrinsic viscosity of the liq-
uid from viscosity values of the mixed solutions. In some
embodiments, determining intrinsic viscosity of the liquid
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includes extrapolating viscosity values of the mixed so-
lutions to obtain a likely viscosity value for a solution that
does not include the solute.
[0126] In some embodiments, the method includes
(832) moving at least a portion of the liquid in the liquid
flow channel back to the syringe. This enables multiple
viscosity measurements with a limited volume of a liquid.
For example, in some embodiments, viscosity of the liq-
uid is measured at a plurality of temperatures using the
liquid moved back from the liquid flow channel into the
syringe.
[0127] In some embodiments, the method includes
(834), prior to measuring the viscosity of the liquid, iden-
tifying a flow rate that satisfies pressure criteria for the
at least two pressure sensors. For example, in some em-
bodiments, the viscometer determines whether a fully
developed flow of the liquid is present in a liquid flow
channel of a viscosity sensor prior to measuring the vis-
cosity of the liquid.
[0128] In some embodiments, the method includes
(836) dispensing a continuous stream of liquids to the
viscosity sensor. The continuous stream of liquids in-
cludes two or more batches of test liquids. Any two ad-
jacent batches of test liquids, of the two or more batches
of test liquids, are separated by at least one inert liquid
immiscible with the two adjacent batches of test liquids.
The two adjacent batches are adjacent to each other in
a sequence of batches in the continuous stream of liq-
uids. However, in some embodiments, the two adjacent
batches do not contact each other, because the two ad-
jacent batches are separated by an immiscible liquid.
[0129] In some embodiments, the method includes
(838) dispensing a cleaning solution through the liquid
flow channel of the viscosity sensor. In some embodi-
ments, dispensing the cleaning solution through the liquid
flow channel of the viscosity sensor includes cleaning
the liquid flow channel of the viscosity sensor. In some
embodiments, the method includes dispensing the clean-
ing solution to a selection valve. In some embodiments,
dispensing the cleaning solution to the selection valve
includes cleaning the selection valve. In some embodi-
ments, the method includes dispensing the cleaning so-
lution to the syringe. In some embodiments, dispensing
the cleaning solution to the syringe includes cleaning the
syringe.
[0130] In some embodiments, the method includes
(840) flowing gas through the liquid flow channel. In some
embodiments, flowing gas through the liquid flow channel
includes drying the liquid flow channel. In some embod-
iments, the method includes providing the gas to a se-
lection valve. In some embodiments, providing the gas
to the selection valve includes drying the selection valve.
In some embodiments, the method includes providing
the gas to the syringe. In some embodiments, providing
the gas to the syringe includes drying the syringe. In some
embodiments, the gas comprises clean dry air. In some
embodiments, the gas comprises dry nitrogen gas.
[0131] In some embodiments, the method includes

(842) calibrating the viscometer using a preselected ref-
erence liquid independent of a user input. For example,
in some embodiments, a viscosity of a preselected ref-
erence liquid is measured and the measured viscosity is
compared with a viscosity, of the preselected referenced
liquid, stored prior to the measurement (also called herein
a previously known viscosity of the preselected reference
liquid). In some embodiments, subsequent viscosity
measurements are adjusted based on a difference be-
tween the measured viscosity and the previously known
viscosity of the preselected reference liquid. In some em-
bodiments, the viscosity of the preselected reference liq-
uid is measured at multiple temperatures, and measured
viscosity values at the multiple temperatures are used to
calibrate the viscometer. In some embodiments, multiple
preselected reference liquids are used to calibrate the
viscometer.
[0132] In some embodiments, the method includes
(844) measuring one or more of: a pH, a density, and a
conductivity of the liquid. In some embodiments, the pH
and the conductivity of the liquid are concurrently meas-
ured. In some embodiments, the pH and the viscosity of
the liquid are concurrently measured. In some embodi-
ments, the conductivity and the viscosity of the liquid are
concurrently measured. In some embodiments, the den-
sity and the viscosity of the liquid are concurrently meas-
ured. In some embodiments, the density and the pH of
the liquid are concurrently measured. In some embodi-
ments, the density and the conductivity of the liquid are
concurrently measured.
[0133] The foregoing description, for purpose of expla-
nation, has been described with reference to specific em-
bodiments. However, the illustrative discussions above
are not intended to be exhaustive or to limit the invention
to the precise forms disclosed. Many modifications and
variations are possible in view of the above teachings.
The embodiments were chosen and described in order
to best explain the principles of the invention and its prac-
tical applications, to thereby enable others skilled in the
art to best utilize the invention and various embodiments
with various modifications as are suited to the particular
use contemplated.

Claims

1. A viscometer, comprising:

a viscosity sensor (610) with a liquid flow chan-
nel and at least two pressure sensors positioned
along the liquid flow channel and configured to
measure a pressure drop of a liquid flowing
through the liquid flow channel;
a syringe (620) coupled with the viscosity sensor
(610), the syringe (620) comprising a barrel
(622), the barrel (622) including a side port;
a dispensing mechanism (630) configured to
cause dispensing of a liquid from the syringe
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(620) to the viscosity sensor (610) at a known
flow rate, wherein the dispensing mechanism
(630) is configured to couple with the syringe
(620), and the syringe (620) is coupled with the
viscosity sensor (610);
an electronic controller (660) configured to con-
trol operations of the dispensing mechanism
(630) and receive and process data from the vis-
cosity sensor (610);
a sample loading interface (626) coupled to the
side port of the barrel (622) through which the
viscometer is configured to receive the liquid;
and
an autosampler configured to aspirate the liquid
in a vial or a well into an injector syringe and
move the injector syringe to the sample loading
interface (626) to load the liquid to the syringe
(620).

2. The viscometer of claim 1, including a selection valve
coupled with the viscosity sensor and the syringe
and located between the viscosity sensor and the
syringe.

3. The viscometer of claim 1 or 2, further comprising a
viscosity sensor module that includes a plurality of
viscosity sensors, wherein a plurality of liquid flow
channels is defined in the viscosity sensor and at
least two pressure sensors are positioned along
each of two or more liquid flow channels of the plu-
rality of liquid flow channels.

4. The viscometer of claim 1 or 2, further comprising a
temperature control device, wherein the temperature
control device is coupled with the electronic control-
ler and the electronic controller is configured to con-
trol the temperature control device, and the electron-
ic controller is configured to:

determine viscosity values of the liquid at a plu-
rality of temperatures, the liquid including pro-
teins of a first type; and
determine a melting temperature of the proteins
of the first type from the viscosity values of the
liquid at the plurality of temperatures by identi-
fying a temperature at which the viscosity values
level off or increase as a function of an increas-
ing temperature.

5. The viscometer of claim 2, wherein the selection
valve is coupled with a syringe containing a solvent
and configured to mix the liquid with the solvent to
obtain a mixed solution so that a concentration of a
solute in the mixed solution is distinct from a con-
centration of the solute in the liquid, wherein the elec-
tronic controller is configured to:

measure a viscosity of the mixed solution; and

initiate repeated mixing and measuring to obtain
viscosity values of the mixed solution for a plu-
rality of concentrations of the solute.

6. The viscometer of claim 1 or 2, wherein the selection
valve is coupled to an immiscible liquid source and
configured to dispense inert liquid immiscible with
the liquid in the syringe in a continuous stream of
liquids provided to the viscosity sensor, the contin-
uous stream of liquids including two or more batches
of test liquids so that any two adjacent batches of
test liquids, of the two or more batches of test liquids,
are separated by at least the inert liquid.

7. The viscometer of claim 1 or 2, further comprising a
pump configured to dispense a cleaning solution
through the liquid flow channel of the viscosity sen-
sor.

8. The viscometer of claim 7, wherein the viscometer
is configured to couple with a source of gas and pro-
vide the gas through the liquid flow channel.

9. The viscometer of claim 1 or 2, wherein the viscom-
eter is configured to self-calibrate by measuring a
viscosity of a preselected reference liquid and com-
paring the measured viscosity of the preselected ref-
erence liquid with a known viscosity of the preselect-
ed reference liquid for adjustment of viscosities
measured in subsequent viscosity measurements.

10. The viscometer of claim 1 or 2, wherein the viscosity
sensor has an inlet and an outlet, the inlet configured
to couple with a syringe, and the viscometer further
comprises a positive pressure source coupled with
the outlet of the viscosity sensor.

11. A method for performing a viscosity measurement
using the viscometer (22) of any one of claims 1-10,
the method comprising:

aspirating, using the autosampler, a liquid in a
vial or a well into the injector syringe;
moving, using the autosampler, the injector sy-
ringe to the sample loading interface (626) to
load the liquid to the syringe (620);
dispensing, with the dispensing mechanism
(630) coupled with the syringe (620) and the
electronic controller (660), the liquid into the liq-
uid flow channel (31) of the viscosity sensor (15)
at a known flow rate; and
measuring a viscosity of the liquid.

12. The method of claim 11, wherein the liquid includes
a polymer, and the method further comprises deter-
mining a molecular weight of the polymer.

13. The method of claim 11, wherein the liquid includes
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a protein, and the method further comprises deter-
mining a melting temperature of the protein from vis-
cosity values of the liquid.

14. The method of claim 11, further comprising:
moving at least a portion of the liquid in the liquid
flow channel back to the syringe.

15. The method of claim 11, further comprising:
prior to measuring the viscosity of the liquid, identi-
fying a flow rate that satisfies pressure criteria for
the at least two pressure sensors.

Patentansprüche

1. Ein Viskosimeter, aufweisend:

einen Viskositätssensor (610) mit einem Flüs-
sigkeitsströmungskanal und mindestens zwei
Drucksensoren, die entlang des Flüssigkeits-
strömungskanals angeordnet und dazu einge-
richtet sind, einen Druckabfall einer durch den
Flüssigkeitsströmungskanal strömenden Flüs-
sigkeit zu messen;
eine Spritze (620), die mit dem Viskositätssen-
sor (610) gekoppelt ist, wobei die Spritze (620)
einen Spritzenkörper (622) aufweist, wobei der
Spritzenkörper (622) eine seitliche Öffnung auf-
weist;
einen Abgabemechanismus (630), der dazu ein-
gerichtet ist, das Abgeben einer Flüssigkeit aus
der Spritze (620) an den Viskositätssensor (610)
mit einer bekannten Durchflussrate zu bewir-
ken, wobei der Abgabemechanismus (630) da-
zu eingerichtet ist, mit der Spritze (620) zu kop-
peln, und die Spritze (620) mit dem Viskositäts-
sensor (610) gekoppelt ist;
eine elektronische Steuerung (660), die dazu
eingerichtet ist, den Betrieb des Abgabemecha-
nismus (630) zu steuern und Daten von dem
Viskositätssensor (610) zu empfangen und zu
verarbeiten;
eine Probenbeladeschnittstelle (626), die mit
der seitlichen Öffnung des Spritzenkörpers
(622) gekoppelt ist, wobei das Viskosimeter da-
zu eingerichtet ist, durch diese die Flüssigkeit
aufzunehmen; und
einen Autosampler, der dazu eingerichtet ist, die
Flüssigkeit in einem Fläschchen oder einer Ver-
tiefung in eine Injektorspritze anzusaugen und
die Injektorspritze zur Probenbeladeschnittstel-
le (626) zu bewegen, um die Flüssigkeit in die
Spritze (620) zu beladen.

2. Das Viskosimeter nach Anspruch 1, aufweisend ein
Auswahlventil, das mit dem Viskositätssensor und
der Spritze gekoppelt und zwischen dem Viskosi-

tätssensor und der Spritze angeordnet ist.

3. Das Viskosimeter nach Anspruch 1 oder 2, ferner
aufweisend ein Viskositätssensormodul, das eine
Mehrzahl von Viskositätssensoren aufweist, wobei
eine Mehrzahl von Flüssigkeitsströmungskanälen in
dem Viskositätssensor definiert ist und mindestens
zwei Drucksensoren entlang jedem von zwei oder
mehr Flüssigkeitsströmungskanälen der Mehrzahl
von Flüssigkeitsströmungskanälen angeordnet
sind.

4. Das Viskosimeter nach Anspruch 1 oder 2, ferner
aufweisend eine Temperatursteuervorrichtung, wo-
bei die Temperatursteuervorrichtung mit der elektro-
nischen Steuerung gekoppelt ist und die elektroni-
sche Steuerung dazu eingerichtet ist, die Tempera-
tursteuervorrichtung zu steuern, und die elektroni-
sche Steuerung dazu eingerichtet ist:

Viskositätswerte der Flüssigkeit bei einer Viel-
zahl von Temperaturen zu bestimmen, wobei
die Flüssigkeit Proteine eines ersten Typs um-
fasst, und
eine Schmelztemperatur der Proteine des ers-
ten Typs aus den Viskositätswerten der Flüssig-
keit bei der Vielzahl der Temperaturen zu be-
stimmen, indem eine Temperatur identifiziert
wird, bei der die Viskositätswerte in Abhängig-
keit von einer steigenden Temperatur abflachen
oder ansteigen.

5. Das Viskosimeter nach Anspruch 2, wobei das Aus-
wahlventil mit einer Spritze, die ein Lösungsmittel
enthält, gekoppelt ist und dazu eingerichtet ist, die
Flüssigkeit mit dem Lösungsmittel zu mischen, um
eine gemischte Lösung zu erhalten, sodass sich eine
Konzentration eines gelösten Stoffes in der ge-
mischten Lösung von einer Konzentration des ge-
lösten Stoffes in der Flüssigkeit unterscheidet, wobei
die elektronische Steuerung dazu eingerichtet ist:

eine Viskosität der gemischten Lösung zu mes-
sen, und
wiederholtes Mischen und Messen zu initiieren,
um Viskositätswerte der gemischten Lösung für
eine Vielzahl von Konzentrationen des gelösten
Stoffes zu erhalten.

6. Das Viskosimeter nach Anspruch 1 oder 2, wobei
das Auswahlventil mit einer nicht mischbaren Flüs-
sigkeitsquelle gekoppelt ist und dazu eingerichtet ist,
eine inerte Flüssigkeit, die mit der Flüssigkeit in der
Spritze nicht mischbar ist, in einem kontinuierlichen
Flüssigkeitsstrom abzugeben, der dem Viskositäts-
sensor bereitgestellt wird, wobei der kontinuierliche
Flüssigkeitsstrom zwei oder mehr Chargen von
Testflüssigkeiten umfasst, sodass zwei beliebige be-
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nachbarte Chargen von Testflüssigkeiten, von den
zwei oder mehr Chargen von Testflüssigkeiten,
durch mindestens die inerte Flüssigkeit getrennt
sind.

7. Das Viskosimeter nach Anspruch 1 oder 2, ferner
aufweisend eine Pumpe, die dazu eingerichtet ist,
eine Reinigungslösung durch den Flüssigkeitsströ-
mungskanal des Viskositätssensors abzugeben.

8. Das Viskosimeter nach Anspruch 7, wobei das Vis-
kosimeter dazu eingerichtet ist, mit einer Gasquelle
zu koppeln und das Gas durch den Flüssigkeitsströ-
mungskanal bereitzustellen.

9. Das Viskosimeter nach Anspruch 1 oder 2, wobei
das Viskosimeter dazu eingerichtet ist, sich selbst
zu kalibrieren, indem es eine Viskosität einer vorge-
wählten Referenzflüssigkeit misst und die gemesse-
ne Viskosität der vorgewählten Referenzflüssigkeit
mit einer bekannten Viskosität der vorgewählten Re-
ferenzflüssigkeit vergleicht, um die in nachfolgenden
Viskositätsmessungen gemessenen Viskositäten
einzustellen.

10. Das Viskosimeter nach Anspruch 1 oder 2, wobei
der Viskositätssensor einen Einlass und einen Aus-
lass aufweist, wobei der Einlass dazu eingerichtet
ist, mit einer Spritze zu koppeln, und das Viskosime-
ter ferner eine Überdruckquelle aufweist, die mit dem
Auslass des Viskositätssensors gekoppelt ist.

11. Ein Verfahren zum Durchführen einer Viskositäts-
messung unter Verwendung des Viskosimeters (22)
nach einem der Ansprüche 1-10, wobei das Verfah-
ren aufweist:

Ansaugen, unter Verwendung des Autosamp-
lers, einer Flüssigkeit in einem Fläschchen oder
einer Vertiefung in die Injektorspritze,
Bewegen der Injektorspritze mit Hilfe des Au-
tosampiers zur Probenbeladeschnittstelle
(626), um die Flüssigkeit in die Spritze (620) zu
beladen;
Abgeben, mit dem mit der Spritze (620) und der
elektronischen Steuerung (660) gekoppelten
Abgabemechanismus (630), der Flüssigkeit in
den Flüssigkeitsströmungskanal (31) des Vis-
kositätssensors (15) mit einer bekannten Strö-
mungsrate, und
Messen der Viskosität der Flüssigkeit.

12. Das Verfahren nach Anspruch 11, wobei die Flüs-
sigkeit ein Polymer umfasst, und das Verfahren fer-
ner die Bestimmung des Molekulargewichts des Po-
lymers aufweist.

13. Das Verfahren nach Anspruch 11, wobei die Flüs-

sigkeit ein Protein umfasst, und das Verfahren ferner
das Bestimmen einer Schmelztemperatur des Pro-
teins aus Viskositätswerten der Flüssigkeit aufweist.

14. Das Verfahren nach Anspruch 1, ferner aufweisend:
Bewegen zumindest eines Teils der Flüssigkeit in
dem Flüssigkeitsströmungskanal zurück zur Spritze.

15. Das Verfahren nach Anspruch 11, ferner aufwei-
send:
vor dem Messen der Viskosität der Flüssigkeit, Iden-
tifizieren einer Strömungsrate, die Druckkriterien für
die mindestens zwei Drucksensoren erfüllt.

Revendications

1. Viscosimètre, comprenant :

un capteur de viscosité (610) présentant un ca-
nal d’écoulement de liquide et au moins deux
capteurs de pression positionnés le long du ca-
nal d’écoulement de liquide et configurés pour
mesurer une perte de charge d’un écoulement
de liquide à travers le canal d’écoulement de
liquide ;
une seringue (620) couplée au capteur de vis-
cosité (610), la seringue (620) comprenant un
fût (622), le fût (622) incluant un orifice latéral ;
un mécanisme de distribution (630) configuré
pour engendrer une distribution d’un liquide de-
puis la seringue (620) vers le capteur de visco-
sité (610) à un débit connu, où le mécanisme de
distribution (630) est configuré pour être couplé
à la seringue (620), et la seringue (620) est cou-
plée au capteur de viscosité (610) ;
une unité de commande électronique (660) con-
figurée pour commander des opérations du mé-
canisme de distribution (630) et recevoir et trai-
ter des données émanant du capteur de visco-
sité (610) ;
une interface de chargement d’échantillon (626)
couplée à l’orifice latéral du fût (622) par le biais
de laquelle le viscosimètre est configuré pour
recevoir le liquide ; et
un échantillonneur automatique configuré pour
aspirer le liquide dans un récipient ou un puit
jusque dans une seringue d’injecteur et dépla-
cer la seringue d’injecteur vers l’interface de
chargement d’échantillon (626) pour charger le
liquide vers la seringue (620).

2. Viscosimètre selon la revendication 1, incluant une
vanne de sélection couplée au capteur de viscosité
et à la seringue et située entre le capteur de viscosité
et la seringue.

3. Viscosimètre selon la revendication 1 ou 2, compre-
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nant en outre un module de capteur de viscosité qui
inclut une pluralité de capteurs de viscosité, où une
pluralité de canaux d’écoulement de liquide est dé-
finie dans le capteur de viscosité et au moins deux
capteurs de pression sont positionnés le long de cha-
cun des deux canaux d’écoulement de liquide ou
plus de la pluralité de canaux d’écoulement de liqui-
de.

4. Viscosimètre selon la revendication 1 ou 2, compre-
nant en outre un dispositif de régulation de tempé-
rature, où le dispositif de régulation de température
est couplé à l’unité de commande électronique et
l’unité de commande électronique est configurée
pour commander le dispositif de régulation de tem-
pérature, et l’unité de commande électronique est
configurée pour :

déterminer des valeurs de viscosité du liquide à
une pluralité de températures, le liquide incluant
des protéines d’un premier type ; et
déterminer un point de fusion des protéines du
premier type à partir des valeurs de viscosité du
liquide à la pluralité de températures en identi-
fiant une température à laquelle les valeurs de
viscosité se stabilisent ou augmentent en fonc-
tion d’une température croissante.

5. Viscosimètre selon la revendication 2, dans lequel
la vanne de sélection est couplée à une seringue
contenant un solvant et configurée pour mélanger le
liquide avec le solvant afin d’obtenir une solution mix-
te de sorte qu’une concentration d’un soluté dans la
solution mixte est distincte d’une concentration du
soluté dans le liquide, où l’unité de commande élec-
tronique est configurée pour :

mesurer une viscosité de la solution mixte ; et
initier un mélange et une mesure répétés afin
d’obtenir des valeurs de viscosité de la solution
mixte pour une pluralité de concentrations du
soluté.

6. Viscosimètre selon la revendication 1 ou 2, dans le-
quel la vanne de sélection est couplée à une source
de liquide non miscible et configurée pour distribuer
un liquide inerte non miscible avec le liquide dans la
seringue selon un flux continu de liquides fourni au
capteur de viscosité, le flux continu de liquides in-
cluant deux lots de liquides à analyser ou plus, de
sorte que deux lots de liquides à analyser adjacents
quelconques, parmi les deux lots de liquides à ana-
lyser ou plus, sont séparés au moins par le liquide
inerte.

7. Viscosimètre selon la revendication 1 ou 2, compre-
nant en outre une pompe configurée pour distribuer
une solution de nettoyage à travers le canal d’écou-

lement de liquide du capteur de viscosité.

8. Viscosimètre selon la revendication 7, où le viscosi-
mètre est configuré pour être couplé à une source
de gaz et fournir le gaz à travers le canal d’écoule-
ment de liquide.

9. Viscosimètre selon la revendication 1 ou 2, où le
viscosimètre est configuré pour s’auto-étalonner en
mesurant une viscosité d’un liquide de référence pré-
sélectionné et en comparant la viscosité mesurée
du liquide de référence présélectionné à une visco-
sité connue du liquide de référence présélectionné
pour un ajustement des viscosités mesurées lors des
mesures de viscosité ultérieures.

10. Viscosimètre selon la revendication 1 ou 2, dans le-
quel le capteur de viscosité présente une entrée et
une sortie, l’entrée étant configurée pour être cou-
plée à une seringue, et le viscosimètre comprend en
outre une source de pression positive couplée à la
sortie du capteur de viscosité.

11. Procédé de réalisation d’une mesure de viscosité à
l’aide du viscosimètre (22) selon l’une quelconque
des revendications 1 à 10, le procédé comprenant
les étapes consistant à :

aspirer, à l’aide de l’échantillonneur automati-
que, un liquide dans un récipient ou un puits
jusque dans la seringue d’injecteur ;
déplacer, à l’aide de l’échantillonneur automati-
que, la seringue d’injecteur vers l’interface de
chargement d’échantillon (626) pour charger le
liquide vers la seringue (620) ;
distribuer, à l’aide du mécanisme de distribution
(630) couplé à la seringue (620) et à l’unité de
commande électronique (660), le liquide jusque
dans le canal d’écoulement de liquide (31) du
capteur de viscosité (15) à un débit connu ; et
mesurer une viscosité du liquide.

12. Procédé selon la revendication 11, dans lequel le
liquide inclut un polymère, et le procédé comprend
en outre le fait de déterminer une masse moléculaire
du polymère.

13. Procédé selon la revendication 11, dans lequel le
liquide inclut une protéine, et le procédé comprend
en outre le fait de déterminer un point de fusion de
la protéine à partir des valeurs de viscosité du liquide.

14. Procédé selon la revendication 11, comprenant en
outre :
le fait de déplacer au moins une partie du liquide
dans le canal d’écoulement de liquide en retour vers
la seringue.
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15. Procédé selon la revendication 11, comprenant en
outre :
avant de mesurer la viscosité du liquide, le fait d’iden-
tifier un débit qui satisfait aux critères de pression
pour les au moins deux capteurs de pression.
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