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PORTABLE VISCOMETER

BACKGROUND

Field of the Invention: This invention is in the field of viscometers that measure

viscosity of liquids utilizing a flow-through type viscosity sensot.

State of the art: 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
Polymeric 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) ™. The viscosity measured
at a known shear rate is “true” viscosity. The dependence of the true viscosity on shear rate
is a viscosity curve which characterizes material and is an important factor to consider for
efficient processing. However, in.many_ cases, viscosity is measured under ill-defined 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 system. 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 measured as a function of the rotational speed of the spindle. The rotational
speed of the spindle can be in fact correlated with the shear rate only if a “constitutive
equation” for the test liquid is known. However, a “constitutive equation” is not known for
almost all Non-Newtonian liquids. Therefore, true viscosity cannot be measured with ill-

defined test conditions for most non-Newtonian liquids.

1



WO 2011/139719 PCT/US2011/034002

10

15

20

Methods of viscosity measurement that give only apparent viscosities have been
developed and used for quality controls in manufacturing and material characterization.
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 viscosities 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-universality of the apparent
viscosity measurement, a correlation 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 processing equipments and accessories, such as dies,
molds, extrusion screws, etc., require the true viscosity of the materials. However, the
apparent viscosity measurement has been used for a quick test as an indication since it is
easier and faster to measure and often more economical. The true viscosity is more difficult
to get and can be only measured with a few types of instruments: rtheometers and capillary
viscometers. The rheometers impose 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. Further, large amounts of
samples are usually required for viscosity measurement with a theometer. Also, rheometers
are not well suited for on-line applications. Circular capillary viscometers can measure
apparent and true viscosities depending on whether a proper compensation is taken into
account. The capillary viscometer needs a pressure drop measurement along the capillary
for viscosity. Since the capillary is circular in cross-section, only pressure at the entrance

and exit can be measured. Because of this limitation, the capillary viscometer measures only
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apparent viscosity unless the entrance effect is corrected for by using two different
capillaries with different length to diameter ratios. However, use of two capillaries makes
the capillary viscometers bulky and/or time consuming. Capillary viscometers are described
in Patent Nos. 6,575,019 (Larson); 4,920,787 (Dual et al.); 4,916,678 (Johnson et al.); and
4,793,174 (Yau). Microfluidic viscometers are disclosed in Patent No. 6,681,616 (Michael
Spaid et al.) and Publication No. 2003/0182991 (Michael Spaid et al.). Residence time of a
marker in a fluidic channel is used to measure the viscosity, 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 disclosed in 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
apparent viscosity.

In summary, most viscosity measurement techniques yield apparent viscosity and require
relatively large volumes of sample. Also, these instruments require cleaning of the parts in
contact with liquid (container, spindle, 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 viscometer which measures true viscosity for samples in small quantity and in a fast
manner. The slit viscometer disclosed in my Patent No. 7,290,441 makes it possible 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 dispensing system which is portable and

can be use with a variety of samples is not disclosed in the prior art.
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SUMMARY OF THE INVENTION

According to the current invention, a portable viscosity measurement instrument or

viscometer includes a miniature viscosity measurement sensor, a portable precision liquid
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 Patent Nos.
6,892,583 and 7,290,441, which are hereby incorporated by reference as if fully set forth
herein. The portable system of the current invention measures the true viscosity of a liquid
and requires only small volume samples of the liquid for measurement. The invention also
provides 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.

The portable precision liquid dispensing system of the invention includes a positive
displacement pump which operates in conjunction 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
removable 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
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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
precision 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.

The miniature flow-through viscosity measurement sensor includes a micron scale
flow channel combined with a pressure sensor array which measures the pressure drop of a
fully developed flow of the liquid in 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 microprocessor based electronics can form the controller electronics of
the viscometer 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.

If temperature control of the sample is desired, the viscometer, the viscosity sensor,
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.

The viscometer may 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 can allow 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.
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BRIEF DESCRIPTION OF THE DRAWINGS

Additional features and advantages of the invention will be apparent from the

detailed description which follows, taken in conjunction with the accompanying drawings,
which together illustrate, by way of example, features of the invention; and, wherein:

Figure 1 is a schematic representation of a portable viscometer of the invention;

Figure 2, a schematic cross-sectional representation of a flow-through viscosity
sensor of the invention;

Figure 3, a cross-sectional view of a pipette useable in the system of the invention
showing the pipette plunger in an intermediate position in the pipette;

Figure 4, a similar cross-sectional view of the pipette of Fig. 3 showing the pipette
plunger in position before a sample of liquid has been drawn into the pipette or after the
sample of liquid has been dispensed from the pipette, and

Figure 5, a schematic representation of a portable viscometer of the invention as
shown in Figure 1 including additional temperature conditioning devices.

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 invention is thereby intended

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENT(S)

The invention provides 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. Referring to Fig. 1, the viscometer 22 includes a precision pump, indicated

generally by reference number 20, a liquid container 14 for supplying a sample of the liquid
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for which a viscosity measurement is desired, a flow-through viscosity sensor 15, a
controller 18, and a display 19.

The pump 20 works in conjunction with a sample 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 portion 24 extending from an end of the barrel 13. The
pipette 14 may be removably positioned and held in the viscometer 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 pipette containing a sample of liquid to be tested. The pipette 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 portion 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.

An example of a pipette construction usable with the invention is shown in Figs. 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 molding. 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 Fig. 4, to minimize any air gap 44 between the
two. With the pipette in the condition shown in Fig. 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
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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. Fig. 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 pipette 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.

Flow-through viscosity sensor 15 includes a liquid inlet connector 16 and a liquid
outlet connector 21. As shown in Fig. 1, the liquid discharged from the end of the pipette
barrel 13 is coupled through liquid inlet connector 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.

Referring to Fig. 2, the flow-through viscosity 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 pressure sensor membrane 37 and a pressure sensor substrate 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 sensors and is
positioned with respect to the channel substrate 39 to locate at least two independent
pressure sensors along the flow channel 31 spaced sufficiently away from the channel

entrance 35 and channel exit 36 whereby a pressure drop of fully developed flow of liquid
8
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through the flow channel 31 can be measured by the pressure sensors. In the embodiment
shown in Fig. 2, three independent pressure sensors are provided by the monolithic 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
cavities 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.

A detector is provided in each of the cavities for detecting the displacement of the
membrane into the respective cavity which provides a measurement of the pressure applied
to the membrane over the cavity. Various detectors can be used, such as a capacitance
detector 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 substantially 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 pressure
sensor and variations and different embodiments of the pressure sensor construction and of
the flow-through viscosity sensor are provided in my Patent Nos. 6,892,583 and 7,290,441,
hereby incorporated by reference into this disclosure. Liquid inlet connector 16 attached to

channel substrate 39 around liquid channel entrance 35 provides for connection of a source
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of pressurized 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.

Controller 18 includes one or more microcontrollers or microprocessors, and other
electrical and electronic components for controlling operation of the viscometer and
peripheral components, 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. Controller 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.

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 withdrawn 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 Fig. 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 measufement. The controller will operate the
motor 23 to advance the push back 11 to a position as shown in Fig. 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.
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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
aknown desired flow rate or flow rates. As the plunger moves, the liquid is forced from the
pipette into the viscosity 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 measured 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 between successive pressure
sensors along the flow channel) 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 without flow stoppage.
When the pressure values are acquired and the viscosity values calculated as a function of
flow rate, the relationship is corrected for non-Newtonian viscosity in a known manner. The
measured viscosities may be displayed on the display 19, may be stored in a controller
memory or auxiliary memory, and/or transmitted to a remote memory or computer.

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 inside 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 viscosity 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
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flow rate for the particular viscosity measurement. In this way, viscosity of unknown liquids
can be accurately and automatically measured.

When the viscosity measurement or measurements 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
inserted 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 measurement, the
controller operates the viscometer as described 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 thrqugh the viscosity sensor 15 between the two
liquids being tested.

The viscometer 22 may be powered by a battery, 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.

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 example, as shown in Fig. 5, which is similar to Fig. 1, a
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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
upon 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 temperature. Some
time may be required for the sample in the pipette to reach the set temperature. Similarly, a
temperature 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 temperature. This will tend to maintain the material
flowing through the flow channel 31 at substantially the set temperature. As indicated, the
temperature control devices may be peltier devices or other known temperature control
devices. Further, temperature sensors can be positioned 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 locations in the sensor membrane 37 along the flow channel 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 temperature
within the housing, and thus the temperature of the entire viscometer or the parts thereof in
the housing, are together temperature controlled.

As indicated in my prior referenced patents, the flow-through viscosity sensor
described is very small, generally constructed of semiconductor materials or other materials
used in microfabrication processes. For example, 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 borosilicate glass wafer. The flow channel typically can be as small as
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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 viscometer 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.

Rather than making a portable viscometer, the same viscometer construction can be
used to provide a stationary viscometer where samples of liquid to be tested can be collected
from different locations in different pipettes and then transported to the viscometer and
tested at the location of the viscometer.

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 available, 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 to be the known liquid. Discrepancies between the published 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. 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
purposes. For example, with such a history of measured viscosity values, a uset 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
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liquid component, or can determine and correlate a viscosity value of the component with
particular desired attributes of the resulting product.

While the illustrated embodiment of the pump of the invention is shown and
described 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 sample liquid from a sample container can be used.

Whereas this invention is here illustrated and described with reference to
embodiments thereof presently contemplated as the best mode of carrying out the invention
in actual practice, it is to be realized that various changes may be made in adapting the
invention to different embodiments without departing from the inventive concepts disclosed

herein.

15



WO 2011/139719 PCT/US2011/034002

CLAIMS

1. A portable viscometer comprising:
a dispensing pump mechanism;

5 a viscosity sensor having a rectangular liquid flow channel and at least two pressure
sensors positioned along the flow channel that measure a pressure drop of fully
developed flow of the liquid flowing through the flow channel;

a positive displacement pipette adapted to contain a sample of liquid for which a
measurement of viscosity is desired, the dispensing pump mechanism and the positive
10 displacement pipette cooperatively coupied so that operation of the dispensing pump
mechanism, in cooperation with the positive displacement pipette, dispenses test liquid
from the pipette at a known flow rate, and the positive displacement pipette being
coupled to the viscosity sensor so that the liquid for which a measurement of viscosity is
desired is forced into the viscosity sensor when dispensed from the positive displacement
15 pipette; and
a controller that controls operation of the viscometer and processes sensor data.
2. A portable viscometer according to claim 1, additionally including a display that

shows test results.

3. A portable viscometer according to claim 1, wherein the controller includes a
20 programmed microcontroller.
4. A portable viscometer according to claim 3, wherein the controller includes a user

interface for inputting test variables.
5. A portable viscometer according to claim 1, wherein the positive displacement

pipette includes a pipette barrel, and a pipette plunger sealingly and slidably positioned
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within the pipette barrel, wherein the pipette plunger includes a plunger end portion that
extends from the pipette barrel by which the pipette plunger can be slidingly moved in
the pipette barrel.

A portable viscometer according to claim 5, wherein the pipette plunger is slidingly
movable in two opposite directions with respect to the pipette barrel, movement in a
filling direction providing for filling of the pipette barrel with a liquid and movement in a
dispensing direction providing for dispensing of liquid from the pipette barrel.

A portable viscometer according to claim 6, wherein the operation of the dispensing
pump mechanism in cooperation with the positive displacement pipette, moves the
pipette plunger in a dispensing direction with respect to the pipette barrel at a known rate
to dispense test liquid in the pipette barrel from the pipette barrel at a known flow rate.

A portable viscometer according to claim 7, wherein the dispensing pump includes a
motor, a lead screw coupled to the motor so that operation of the motor results in rotation
of the lead screw, and a push back coupled to the lead screw so that rotation of the lead
screw results in linear movement of the push back, said push back also coupled to the
plunger end portion whereby linear movement of the push back moves the pipette
plunger in the dispensing direction.

A portable viscometer according to claim §, wherein the controller controls operation
of the motor.

A portable viscometer according to claim 7, additionally including mounting
mechanism for removably mounting the positive displacement pipette in the viscometer.

A portable viscometer according to claim 1, additionally including mounting
mechanism for removably mounting the positive displacement pipette in the viscometer.

A portable viscometer according to claim 1, wherein the viscosity sensor comprises:
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a channel substrate with at least one flow channel formed therein having three side
walls, a flow channel entrance, and a flow channel exit; and
a monolithic sensor plate having a substantially smooth sensing surface and at least
two independent pressure sensors at different locations therein;
wherein the channel substrate and the monolithic sensor plate are combined so that
the sensor plate’s substantially smooth sensing surface becomes a fourth side wall of the
at least one flow channel enabling full containment of liquid during flow through the at
least one flow channel, and at least two of the at least two independent pressure sensors
in the monolithic sensor plate are positioned along the at least one flow channel
sufficiently away from the flow channel entrance and flow channel exit so that a pressure
drop of fully developed flow of the liquid in the at least one flow channel is measured as
the liquid flows in the flow channel.
13. A portable viscometer according to claim 12, wherein the pressure sensor plate is
made of semiconductor materials.
14. A portable viscometer according to claim 12, wherein the flow channel has a depth
and the depth is greater than 1 micro meter and less than 1 mm.
15. A portable viscometer according to claim 1, wherein the viscometer stores a data
base of known viscosity values for a plurality of liquids.
16. A portable viscometer according to claim 1, wherein the viscometer stores a history
of measured viscosity values.
17. A portable viscometer according to claim 1, wherein the viscometer is battery

powered.
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18. A portable viscometer according to claim 1, wherein the controller includes
communication means to enable communication between the controller and a remote
computer.

19. A portable viscometer according to claim 1, additionally including at least one
temperature control device to control the temperature of the sample of liquid for which a
measurement of viscosity is desired.

20. A portable viscometer according to claim 19, wherein the at least one temperature
control device controls the temperature of the sample of liquid for which a measurement of
viscosity is desired in the pipette prior to being forced into the viscosity sensor.

21. A portable viscometer according to claim 20, wherein the at least one temperature
control device controls the temperature of the sample of liquid for which a measurement of
viscosity is desired as the sample of liquid flows through the viscosity sensor.

22. A portable viscometer comprising:

a dispensing pump mechanism;

a viscosity sensor having a rectangular liquid flow channel and at least two pressure
sensors positioned along the flow channel that measure a pressure drop of fully
developed flow of the liquid flowing through the flow channel;

a mounting mechanism adapted to removably mount a positive displacement pipette
adapted to contain a sample of liquid for which a measurement of viscosity is desired,
said mounting mechanism adapted to mount the positive displacement pipette in position
to cooperate with the dispensing pump mechanism so that operation of the dispensing
pump mechanism dispenses test liquid from the positive displacement pipette at a known

flow rate, and to cooperate with the viscosity sensor so that the liquid for which a
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measurement of viscosity is desired is forced into the viscosity sensor when dispensed
from the positive displacement pipette; and
a controller that controls operation of the viscometer and processes sensor data.

23. A portable viscometer according to claim 22, additionally including a display that
shows test results.
24. A portable viscometer according to claim 22, additionally including at least one
temperature control device to control the temperature of the sample of liquid for which a
measurement of viscosity is desired.
25. A portable viscometer according to claim 24, wherein the at least one temperature
control device cooperates with the mounting mechanism to control the temperature of the
sample of liquid for which a measurement of viscosity is desired in a pipette containing a
sample of liquid for which a measurement of viscosity is desired when the pipette is
mounted in the mounting mechanism prior to the sample being forced from the pipette into
the viscosity sensor.
26. A portable viscometer according to claim 24, wherein the at least one temperature
control device controls the temperature of the sample of liquid for which a measurement of
viscosity is desired as the sample of liquid flows through the viscosity sensor.
27. A portable viscometer according to claim 22, wherein the dispensing pump includes
a motor, a lead screw coupled to the motor so that operation of the motor results in rotation
of the lead screw, and a push back coupled to the lead screw so that rotation of the lead
screw results in linear movement of the push back, said push back adapted to mate with an
end of a plunger extending from a positive displacement pipette when mounted in the

mounting mechanism whereby linear movement of the push back moves the pipette plunger
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in a dispensing direction at a known rate to dispense test liquid from the pipette at a known
flow rate into the viscosity sensor.
28. A method of obtaining a measurement of viscosity of a sample of liquid for which a
measurement of viscosity is desired, comprising the steps of:

obtaining portable viscometer comprising:

a dispensing pump mechanism;

a viscosity sensor having a rectangular liquid flow channel and at least
two pressure sensors positioned along the flow channel that measure a pressure drop of
fully developed flow of the liquid flowing through the flow channel,

a mounting mechanism adapted to removably mount a positive
displacement pipette adapted to contain a sample of liquid for which a measurement of
viscosity is desired, said mounting mechanism adapted to mount the positive
displacement pipette in position to cooperate with the dispensing pump mechanism so
that operation of the dispensing pump mechanism dispenses test liquid from the positive
displacement pipette at a known flow rate, and to cooperate with the viscosity sensor so
that the liquid for which a measurement of viscosity is desired is forced into the
viscosity sensor when dispensed from the positive displacement pipette; and

a controller that controls operation of the viscometer and processes sensor
data;
obtaining a positive displacement pipette containing a sample of liquid for which a
measurement of viscosity is desired;
placing the positive displacement pipette containing the sample of liquid for which a

measurement of viscosity is desired in the mounting mechanism; and

21



WO 2011/139719 PCT/US2011/034002

10

15

20

operating the portable viscometer to obtain a measurement of the viscosity of the
sample of liquid for which a measurement of viscosity is desired contained in the positive
displacement pipette.
29. A positive displacement pipette for use in a portable viscometer including a
mounting mechanism adapted to removably mount a positive displacement pipette in
position to cooperate with a dispensing pump mechanism so that operation of the dispensing
pump mechanism dispenses from the positive displacement pipette a sample liquid for which
a measurement of viscosity is desired at a known flow rate, comprising:

a pipette barrel; and

a pipette plunger sealingly and slidably positioned within the pipette barrel and
movable in two opposite directions with respect to the pipette barrel, movement in a filling
direction providing for filling of the pipette barrel with a liquid and movement in a
dispensing direction providing for dispensing of the liquid from the pipette barrel, wherein
the pipette plunger includes a plunger end portion that extends from the pipette barrel and is
cooperable with the dispensing pump mechanism when the pipette is mounted in the
mounting mechanism of the portable viscometer so that the pipette plunger can be slidingly
moved in dispensing direction in the pipette barrel by the dispensing pump mechanism to

dispense the sample liquid for which a measurement of viscosity is desired.
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