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CARTRIDGE SYSTEMS, CAPACITIVE
PUMPS AND MULTI-THROW VALVES AND
PUMP-VALVE SYSTEMS AND
APPLICATIONS OF SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application claims priority to and the benefit of U.S.
Provisional Patent Application Ser. Nos. 62/719,868, and
62/868,303, filed Aug. 20, 2018 and Jun. 28, 2019, respec-
tively.

This application is also a continuation-in-part application
of U.S. patent application Ser. No. 15/820,506, filed Nov.
22, 2017, now allowed, which is a divisional application of
U.S. patent application Ser. No. 13/877,925, filed Jul. 16,
2013, now abandoned, which is a national stage entry of
PCT Application Serial No. PCT/US2011/055432, filed Oct.
7, 2011, which claims priority to and the benefit of, U.S.
Provisional Patent Application Ser. No. 61/390,982, filed
Oct. 7, 2010.

This application is also a continuation-in-part application
of U.S. patent application Ser. No. 16/049,025, filed Jul. 30,
2018, which is a continuation application of U.S. patent
application Ser. No. 14/363,074, filed Jun. 5, 2014, now U.S.
Pat. No. 10,078,075, is a national stage entry of PCT
Application Serial No. PCT/US2012/068771, filed Dec. 10,
2012, which claims priority to and the benefit of U.S.
Provisional Patent Application Ser. Nos. 61/569,145,
61/697,204 and 61/717,441, filed Dec. 9, 2011, Sep. 5, 2012
and Oct. 23, 2012, respectively.

This application is also a continuation-in-part application
of U.S. patent application Ser. No. 16/012,900, filed Jun. 20,
2018, which is a divisional application of U.S. patent
application Ser. No. 15/191,092 (the 092 application), filed
Jun. 23, 2016, now U.S. Pat. No. 10,023,832, which claims
priority to and the benefit of U.S. Provisional Patent Appli-
cation Ser. Nos. 62/183,571, 62/193,029, 62/276,047 and
62/295,306, filed Jun. 23, 2015, Jul. 15, 2015, Jan. 7, 2016
and Feb. 15, 2016, respectively. The 092 application is also
a continuation-in-part application of U.S. patent application
Ser. Nos. 13/877,925, 14/363,074, 14/646,300 (the 300
application) and Ser. No. 14/651,174 (the *174 application),
filed Jul. 16, 2013, Jun. 5, 2014, May 20, 2015 and Jun. 10,
2015, respectively. The *300 application, now U.S. Pat. No.
9,874,285, is a national stage entry of PCT Application
Serial No. PCT/US2013/071026, filed Nov. 20, 2013, which
claims priority to and the benefit of U.S. Provisional Patent
Application Ser. Nos. 61/729,149, 61/808,455, and 61/822,
081, filed Nov. 21, 2012, Apr. 4, 2013 and May 10, 2013,
respectively. The 174 application, now U.S. Pat. No. 9,618,
129, is a national stage entry of PCT Application Serial No.
PCT/US2013/071324, filed Nov. 21, 2013, which claims
priority to and the benefit of U.S. Provisional Patent Appli-
cation Ser. Nos. 61/808,455 and 61/822,081, filed Apr. 4,
2013 and May 10, 2013, respectively.

This application is also a continuation-in-part application
of U.S. patent application Ser. No. 16/511,379, filed Jul. 15,
2019, which is a divisional application of U.S. patent
application Ser. No. 15/776,524, filed May 16, 2018, now
allowed, which is a national stage entry of PCT Application
Serial No. PCT/US2016/063586 (the >586 application), filed
Nov. 23, 2016, which claims priority to and the benefit of,
U.S. Provisional Patent Application Ser. No. 62/259,327,
filed Nov. 24, 2015. The 586 application is also a continu-
ation-in-part application of U.S. patent application Ser. Nos.
13/877,925, 14/363,074, 14/646,300, 14/651,174 and
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15/191,092, filed Jul. 16, 2013, Jun. 5, 2014, May 20, 2015,
Jun. 10, 2015 and Jun. 23, 2016, respectively.

This application is also a continuation-in-part application
of PCT Patent Application Serial No. PCT/US2019/034285
(the °285 application), filed May 29, 2019, which claims
priority to and the benefit of U.S. Provisional Patent Appli-
cation Ser. No. 62/677,468, filed May 29, 2018. The *285
application is also a continuation-in-part application of U.S.
patent application Ser. Nos. 15/776,524 and 16/012,900,
filed May 16, 2018 and Jun. 20, 2018, respectively.

Each of the above-identified applications is incorporated
herein by reference in its entirety.

Some references, which may include patents, patent appli-
cations, and various publications, are cited and discussed in
the description of the invention. The citation and/or discus-
sion of such references is provided merely to clarify the
description of the invention and is not an admission that any
such reference is “prior art” to the invention described
herein. All references cited and discussed in this specifica-
tion are incorporated herein by reference in their entireties
and to the same extent as if each reference was individually
incorporated by reference.

STATEMENT AS TO RIGHTS UNDER

FEDERALLY-SPONSORED RESEARCH
This invention was made with government support under
Grant Nos. SUG3TR002097-02, U01CA202229 and

HHSN271201700044C awarded by the National Institutes
of Health, Grant No. 83573601 awarded by the U. S.
Environmental Protection Agency, Grant No. 2017-
17081500003 awarded by the Intelligence Advanced
Research Projects Activity, and Grant No. CBMXCEL-
XL1-2-001 awarded by the Defense Threat Reduction
Agency through Subcontract 468746 by Los Alamos
National Laboratory (LANL). The government has certain
rights in the invention.

FIELD OF THE INVENTION

The invention relates generally to microfluidic systems,
and more particularly to cartridge systems, capacitive
pumps, multi-throw valves, and pump-valve systems and
applications of the same.

BACKGROUND INFORMATION

The background description provided herein is for the
purpose of generally presenting the context of the invention.
The subject matter discussed in the background of the
invention section should not be assumed to be prior art
merely as a result of its mention in the background of the
invention section. Similarly, a problem mentioned in the
background of the invention section or associated with the
subject matter of the background of the invention section
should not be assumed to have been previously recognized
in the prior art. The subject matter in the background of the
invention section merely represents different approaches,
which in and of themselves may also be inventions. Work of
the presently named inventors, to the extent it is described
in the background of the invention section, as well as aspects
of the description that may not otherwise qualify as prior art
at the time of filing, are neither expressly nor impliedly
admitted as prior art against the invention.

Microfluidic systems with pumps and control fluidic
flows in organ-on-chip bioreactors and instruments such as
perfusion controllers, microclinical analyzers, and microfor-
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mulators have drawn great attention of researchers over the
past years. Demonstration of these devices has been accom-
plished using standard soft-lithographic techniques. It is
noted that there are still a multitude of issues, such as
problems with alignment of pump and valve fluidics and
their actuators, and connections thereof, stability, portability
and adaptability of fluidic systems, manufacturability and
sterilizability, and so on, remained unresolved.

Therefore, a heretofore unaddressed need exists in the art
to address the aforementioned deficiencies and inadequa-
cies.

SUMMARY OF THE INVENTION

In one aspect of the invention, the fluidic device com-
prises a fluidic chip including a body having a first surface
and an opposite, second surface, one or more channels
formed in the body in fluidic communications with input
ports and output ports for transferring one or more fluids
between the input ports and the output ports, and a fluidic
chip registration means formed on the first surface for
aligning the fluidic chip with a support structure. The fluidic
device also comprises an actuator configured to engage with
the one or more channels at the second surface of the body
for selectively and individually controlling the transfer of
the one or more fluids through the one or more channels
from at least one of the input ports to at least one of the
output ports at desired flowrates.

In one embodiment, the fluidic device further comprises
a motor to operably drive the actuator to be activated or
deactivated.

In one embodiment, the body of the fluidic chip comprises
a first layer and a second layer, each layer having a first
surface and an opposite, second surface, wherein the one or
more channels are grooved on a first surface of the second
layer, a second surface of the first layer is planar and bonded
to the first surface of the second layer to seal an open side
of the one or more channels in the first surface of the second
layer, and the second layer is elastomeric, such that com-
pression of the actuator on a second surface of the second
layer causes at least one of the one or more channels in the
second layer to be occluded, wherein the first and second
surfaces of the body are coincident with the first surface of
the first layer and the second surface of the second layer,
respectively.

In one embodiment, the fluidic chip registration means is
configured such that the fluid chip is allowed for multiple
fluid chip orientations while maintaining automatic and
precise mechanical alignment to the support structure.

In one embodiment, the fluidic chip registration means
comprises at least one protrusion protruded from the first
surface of the body.

In one embodiment, the least one protrusion is configured
to fluidically communicate the one or more channels with
interface ports that allow connection of external tubing to
the fluidic chip through a base plate.

In one embodiment, the fluid chip is configured such that
one or more plug-in accessories are addable in or removable
from the fluid chip. In one embodiment, the one or more
plug-in accessories comprise capacitors, adjustable fluidic
resistors, electrical or electrochemical sensors, photosensors
for detecting or tracking bubbles for either bubble detection
or for determining flow rates, flowmeters, manifolds, over-
pressure relief (blowofl) valves, check valves, bubble traps,
injection ports, bioreactors, or a combination of them.

In one embodiment, the fluidic chip is a circular through-
plate device in a radial channel configuration capable of
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accepting fluidic functionality expansion flow-through chips
containing adjustable fluidic resistance modules for one or
more pumping channels, individual channel pulsation damp-
ening means including fluidic capacitors, pressure equaliz-
ing fluidic network for two or more main pumping channels
including fluidic shunt capacitors, and/or simultaneous mul-
tichannel flow measuring/calibrating module.

In one embodiment, the fluidic device is a rotary planar
peristaltic micropump (RPPM).

In one embodiment, the actuator comprises a plurality of
rolling members and a driving member configured such that
when the driving member rotates, the plurality of rolling
members rolls along the one or more channels so as to
selectively and individually transfer the one or more fluids
through the one or more channels at the desired flowrates.

In one embodiment, the fluidic device is a capacitive
pump, wherein the one or more channels comprise one
channel having a middle, circumferential portion with two
end portions, each end portion being coupled to a port
through a chamber or a bubble trap, wherein the chamber or
bubble trap operably function as capacitor to reduce flow
and pressure transients associated with rolling members of
the actuator rolling on or off said channel.

In one embodiment, the chamber has a volume that plays
a role in reduction of the flow and pressure transients. In one
embodiment, the two chambers are identical to or different
from one another, and are in any one of geometric shapes.

In one embodiment, the capacitor is a shunt capacitor, or
a bubble trap capacitor.

In one embodiment, the fluidic chip further comprises a
ridge formed on the second surface of the body in relation
to said channel for allowing the actuator to gradually engage
and disengage with said channel and a working fluid to
prevent backflow and reducing pulsatility.

In one embodiment, the ridge has ramps with angles for
a start and an end of the ramp formed at each end of the ridge
for eliminating backflow and stopping flow as the rolling
members enter and leave the ridge.

In one embodiment, the fluidic device is a rotary planar
valve (RPV) comprising a multi-channel valve, a manifold
valve, or a multi-throw valve.

In one embodiment, each of the one or more channels
comprises one or more sub-channels connected to one or
more input ports and one or more outputs, wherein all the
sub-channels of the one or more channels are spaced-apart
in the radial channel configuration.

In one embodiment, the actuator comprises a cage defin-
ing a plurality of spaced-apart openings; a plurality of
pop-up members, each pop-up member retained in a respec-
tive opening of the cage and being vertically movable
therein; and a drivehead having a surface and at least one
recess formed on the surface, wherein the cage is placed on
the second surface of the fluidic chip to constrain each
pop-up member in a position immediately on a respective
sub-channel, such that when a pop-up member is pressed
into the second surface of the fluidic chip, a sub-channel that
is immediately beneath the pop-up member is compressed,
otherwise, said sub-channel is uncompressed; and wherein
the drivehead is rotatably engaged with the cage such that as
the drivehead rotates at a position, any selected pop-up
members positioned in the at least one recess arise to create
open sub-channels corresponding to the selected pop-up
members, thereby selectively unoccluding or occluding fluid
flows through desired sub-channels.

In one embodiment, the RPV is a normally closed RPV.

In one embodiment, the at least one recess comprises a
plurality of tangential ovoid recesses.
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In one embodiment, the plurality of tangential ovoid
recesses is configured to ensure that there is no “off” position
for the plurality of pop-up members while switching from
one input port to another input port where both input
sub-channels connected to said two input ports are closed at
the same time.

In one embodiment, the RPV is a make-before-break
valve.

In one embodiment, the fluidic chip and the actuator are
configured such that there are actuated balls that open and
close channels upon which they reside, unactuated balls
underneath which channels are always closed, and absent
balls underneath which channels are always open, thereby
partitioning the valve into a plurality of independent fluid-
containing regions separated by the unactuated balls, each
region having its own inlet/outlet ports, a group of channels,
and actuated balls such that by a selection of the actuated
balls, flows to or from the ports within said region are
dynamically controllable, which allowing a plurality of
isolated fluidic circuits to exist on a single chip.

In another aspect of the invention, a cartridge of a fluidic
device includes the fluidic device as disclosed above; a
support structure having segmental openings; a motor plate;
standoff plates; and an enclosure hood. As assembled, an
assembly of the actuator slides over a shaft of the motor and
is fixed in place with a fastening means, the motor is
fastened to the motor plate, the standoff plates are fastened
to the enclosure hood through the motor plate, the second
surface of the fluidic chip faces the actuator, the fluidic chip
registration means on the first surface of the fluidic chip is
received in the segmental openings of the support structure,
and the support structure is in turn attached securely to the
standoft plates

In one embodiment, registration of the fluidic chip reg-
istration means to the segmental openings in fluidic chip
support plate prevents rotational and translational movement
of the fluidic chip relative to the cartridge.

In one embodiment, the cartridge further comprises win-
dows for visual or physical accessing to the actuator and the
fluidic chip, wherein the windows are removably attached to
the fluidic support structure and the standoff plates such that
debris ingress is prevented.

In one embodiment, the cartridge further comprises gas-
kets for part-to-part sealing so as to prevent moisture and/or
air from entering into the cartridge.

In one embodiment, the enclosure hood has an electrical
feedthrough for allowing electrical communication between
the fluidic device and external electronics.

In one embodiment, the electrical feedthrough is in the
form of a DIN connector or other connector, and is capped
to prevent dust or moisture from entering into the cartridge.

In one embodiment, the fluidic device further comprises
an encoder and control electronics disposed within the
enclosure hood.

In one embodiment, the cartridge further comprises a
retainer configured to clamp the fluidic chip to the support
structure for maintaining the position and therefore the
alignment of the fluidic chip relative to the support structure
in case counterforce is applied during handling or intubation
of the fluidic chip, wherein such securement also promotes
stable compression characteristics between the actuator and
the fluidic chip by ensuring contact between the fluidic chip
and the support structure and planarity of the fluidic chip.

In one embodiment, the cartridge is fluidically connect-
able to another cartridge or fluidic device through a fluidic
interface connector coupled to the fluidic chip registration
means registered in the support structure.
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In yet another aspect of the invention, a pump-valve (P-V)
system includes a plurality of cartridges disposed on a
platform, each cartridge is disclosed above, wherein the
plurality of cartridges comprises pump cartridges, valve
cartridges, or a combination of them; and vials disposed on
a platform, for inputting and/outputting one or more fluids.

In one embodiment, the P-V system further has one or
more fluidic interface connectors coupled to the fluidic chip
registration means registered in the support structures of
cartridges for fluidically connecting one cartridge to another
cartridge. In one embodiment, each of the one or more
fluidic interface connectors comprises bioreactor connector
tubes, valve connector tubes, pump tubes, and reservoir
tubes, configured to be operably insertable into correspond-
ing ports on each of bioreactors, valves, pumps, and reser-
voirs, respectively, for dynamically controlling flows of one
or more fluids through the pumps and the valves into and/or
out of the bioreactors.

In one embodiment, the P-V system further has compris-
ing a neurovascular unit (NVU) bioreactor disposed on the
platform and coupled to the plurality of cartridges and the
vials, and/or a polycarbonate well plate disposed on the
platform.

In one embodiment, the plurality of cartridges comprises
two pump cartridges, and the P-V system is a perfusion
controller.

In one embodiment, the plurality of cartridges comprises
six cartridges, and the P-V system is a 24-channel micro-
formulator system.

In one embodiment, the plurality of cartridges comprises
four sets of cartridges, each set having two valve cartridges
and one pump cartridge, and the P-V system is a twenty-four
channel transwell microformulator system.

In one embodiment, the plurality of cartridges comprises
six valve cartridges and four pump cartridges, and the P-V
system is pharmacokinetic sampling module.

These and other aspects of the invention will become
apparent from the following description of the preferred
embodiment taken in conjunction with the following draw-
ings, although variations and modifications therein may be
affected without departing from the spirit and scope of the
novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate one or more
embodiments of the invention and, together with the written
description, serve to explain the principles of the invention.
Wherever possible, the same reference numbers are used
throughout the drawings to refer to the same or like elements
of an embodiment.

FIG. 1 shows perspective and exploded views of an
existing, open-frame rotary planar peristaltic micropump
(RPPM) cartridge, which contains the motor, the pump
actuator, and the fluidics.

FIG. 2 shows perspective and exploded views of an
existing open-frame rotary planar valve (RPV) cartridge,
which contains the motor, the pump actuator, and the flu-
idics.

FIG. 3 shows three fluidics chips for the RPPM and RPV.

FIG. 4 shows how an RPPM and an RPV can be mounted
on a caddy that supports fluidic vials and an electrochemical
sensor to create a microclinical analyzer, an integrated,
autocalibrating microfiuidic instrument that measures the
concentration of one or more analytes in media that is either
drawn into the instrument from an external source or from
one of the reservoirs. Without the sensor, this device also
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functions as a single channel microformulator that can
deliver upon demand a custom-formulated mixture of ana-
lytes that are drawn sequentially from each of the multiple
reservoirs.

FIG. 5A shows an exploded view of an enclosed pump
cartridge including a fluidic chip, actuator, drive motor,
encoder, controlling electronics, and housing parts, accord-
ing to one embodiment of the invention.

FIG. 5B shows an inverted ridge pump fluidic chip, pump
actuator, and fluidic chip support plate, according to one
embodiment of the invention.

FIG. 5C shows a retainer assembled to a clamp fluidic
chip according to one embodiment of the invention.

FIG. 6A-6B show respectively plan and perspective views
of' the circular, through-plate implementation of a capacitive
pump according to one embodiment of the invention.

FIG. 6C shows various embodiments of the capacitive
pump chip designs and mold components according to the
invention.

FIG. 6D demonstrates the effectiveness of a capacitive
RPPM to reduce flow pulsatility according to embodiments
of the invention.

FIG. 6E demonstrates effects of a hydraulic capacitor on
the instantaneous pump output of a capacitive RPPM
according to embodiments of the invention.

FIG. 6F demonstrates typical output of a single channel of
the multichannel pump (channel 5) with or without a capaci-
tor according to embodiments of the invention.

FIG. 6G shows respectively prototyped large shunt
capacitor, small shunt capacitor, and bubble trap capacitor
for a capacitive RPPM according to embodiments of the
invention.

FIG. 6H shows testing results of flowrates of pumps with
a bubble trap capacitor (top panel), a large and small shunt
capacitors (bottom panel), which are compared with that of
the pumps without these capacitors, according to embodi-
ments of the invention.

FIG. 7 shows an example of a configurable-manifold
valve layout, wherein groupings of channels can be mutually
isolated by non-actuated balls, allowing a plurality of iso-
lated fluidic circuits to exist on a single chip.

FIG. 8A shows an exploded view of the enclosed valve
cartridge including a fluidic chip, actuator assembly, drive
motor, encoder, controlling electronics, and housing parts,
according to one embodiment of the invention.

FIG. 8B shows a 25-port valve fluidic chip, valve actuator
construct, and fluidic chip support plate, and their alignment
and constrainment capability, and a valve assembly showing
actuator balls in relaxed and compressed states, with the
corresponding channels open and pinched closed, respec-
tively, according to one embodiment of the invention.

FIG. 8C shows a cross-sectional view showing an actua-
tor ball within a recess in the actuator, with the correspond-
ing channel open in the relaxed position, according to one
embodiment of the invention.

FIG. 8D shows a cross-sectional view showing the actua-
tor and ball compressing the channel and pinching it closed,
according to one embodiment of the invention.

FIG. 8E is a perspective view of a circular through-plate
25-channel valve, showing the actuated surface, working
channels, registration/alignment protrusions, and interface
ports, according to one embodiment of the invention.

FIG. 8F shows a plan view of a 25-port valve with
identifying markings and actuator ball locations, according
to one embodiment of the invention.

FIG. 8G shows a manifold valve according to one
embodiment of the invention.
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FIG. 9A illustrates one layout of the two-by-eight open-
before-close RPV according to one embodiment of the
invention.

FIG. 9B shows the concept of a two-by-eight open-
before-close RPV with the A channels open and connected
to the output C while the B channels are closed according to
one embodiment of the invention.

FIG. 9C shows the concept of a two-by-eight open-
before-close RPV with both the A and B channels open and
connected to the output C according to one embodiment of
the invention.

FIG. 9D shows the concept of a two-by-eight open-
before-close RPV with the B channels open and connected
to the output C while the A channels are closed according to
one embodiment of the invention.

FIG. 9E-9G shows line drawings and FIG. 9H-9J shows
photographs that illustrate the three positions of a two-by-
eight open-before-close RPV implemented using a through-
plate circular fluidic chip according to one embodiment of
the invention.

FIG. 9K shows the fluidic chips support plate with seg-
mental openings and the circular, through-plate fluidic chip
for the two-by-eight normally closed RPV according to one
embodiment of the invention.

FIG. 9L shows the valve actuator with eight actuator
grooves as required for operation of a normally closed RPV
according to one embodiment of the invention.

FIGS. 10A-10D show make-before-break vales and their
operation states according to embodiments of the invention.

FIG. 11 A shows a ribbon fluidic connector that positioned
to join a Puck bioreactor, two motor cartridges and four vials
containing drugs, media, or waste, according to one embodi-
ment of the invention.

FIG. 11B shows the ribbon fluidic connector with its
needle inserted into the appropriate ports to interconnect a
Puck bioreactor, two motor cartridges, and four vials con-
taining drugs, media, or waste, according to one embodi-
ment of the invention.

FIG. 11C shows a variety of accessories that can be
mounted on a circular through-plate fluidic chip in the
closed motor cartridge, according to one embodiment of the
invention.

FIG. 11D shows a ribbon fluidic interface connector that
could run between pump and valve cartridges and the fluidic
chip connection needles in a pformulator, according to one
embodiment of the invention.

FIG. 12A shows how the Puck NVU bioreactor can be
merged with the through-plate fluidic with an interface
fluidic and enclosed motor cartridge to provide a compact
means of pumping fluid from input reservoirs, through the
NVU, and then to output reservoirs according to one
embodiment of the invention.

FIG. 12B shows slightly different embodiment of FIG.
12A where the interface fluidic allows the NVU to extend
beyond the motor cartridge for microscopy according to one
embodiment of the invention.

FIG. 12C shows a third embodiment where the interface
fluidic is in the form of a ribbon fluidic with integral tubing
ports such that the motor cartridge is horizontal according to
one embodiment of the invention.

FIG. 13A shows how circular through-plate fluidic chip
RPPMs and PRVs 