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ABSTRACT

Disclosed are micron-sized, electromagnetically actuated
tongue valves, which find application in microfluidic
devices and apparatuses. The present invention further
relates to methods for manipulating fluid flow in a microf-
luidic assay system and for sorting and capturing target
particles in fluid suspensions.
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ELECTROMAGNETICALLY ACTUATED VALVES
FOR USE IN MICROFLUIDIC STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit under 35 U.S.C.
§ 119(e) of U.S. Provisional Patent Application No. 60/758,
656 filed Jan. 13, 2006, which provisional application is
incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] This disclosure relates generally to improvements
in fluid control in microfluidic devices, and more particu-
larly, to micron-sized, electromagnetically actuated valves,
microfiuidic devices and apparatuses incorporating these
valves, and methods for their use.

[0004] 2. Description of the Related Art

[0005] Microfluidic devices are increasingly becoming
popular for performing analytical testing. Using tools devel-
oped by the semiconductor industry to miniaturize electron-
ics, it has become possible to fabricate intricate microscale
fluid systems which can be inexpensively mass produced.
Systems have been developed to perform a variety of
analytical techniques for the acquisition of information for
the medical field.

[0006] Microfluidic devices may be constructed in a multi-
layered laminated structure wherein each layer has channels
and/or structures fabricated from a laminate material to form
microscale voids and/or channels in which fluids may flow.
Alternatively, microfluidic devices can be fabricated by
injection molding. A microscale (or microfluidic) channel is
generally defined as a fluid passage which has at least one
internal cross-sectional dimension that is less than 500 um
and typically between about 0.1 um and about 500 um. The
control and pumping of fluids through these channels is
effected by, for example, pneumatic bellows and hygrosor-
bent pads.

[0007] U.S. Pat. No. 5,716,852 teaches a method for
analyzing the presence and concentration of small particles
in a microfluidic flow cell using diffusion principles. The
’852 patent, the disclosure of which is incorporated herein
by reference, discloses a microfiuidic channel cell system for
detecting the presence of analyte particles in a sample
stream using a microfluidic laminar flow channel having at
least two inlet means which provide an indicator stream and
a sample stream, where the microfluidic laminar flow chan-
nel has a depth sufficiently small to allow laminar flow of the
streams and a length sufficient to allow diffusion of particles
of the analyte into the indicator stream to form a detection
area, and having an outlet out of the channel to form a single
mixed stream. Such a device, which may be known as a
T-Sensor, may contain an external detecting means for
detecting changes in the indicator stream. This detecting
means may be provided by any means known in the art,
including optical means such as optical spectroscopy, or
absorption spectroscopy of fluorescence.

[0008] U.S. Pat. No. 5,932,100, which patent is also
incorporated herein by reference, teaches another method
for analyzing particles within microfluidic channels using
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diffusion principles. A mixture of particles suspended in a
sample stream enters an extraction channel from one upper
arm of a structure, which comprises microchannels in the
shape of an “H”. An extraction stream (e.g., a dilution
stream) enters from the lower arm on the same side of the
extraction channel and, due to the size of the microfluidic
extraction channel, the flow is laminar and the streams do
not mix. The sample stream exits as a by-product stream at
the upper arm at the end of the extraction channel, while the
extraction stream exits as a product stream at the lower arm.
While the streams are in parallel laminar flow in the extrac-
tion channel, particles having a greater diffusion coefficient
(e.g., small particles such as albumin, sugars and small ions)
have time to diffuse into the extraction stream, while the
larger particles (e.g., blood cells) remain in the sample
stream. Particles in the exiting extraction stream (now called
the product stream) may be analyzed within interference
from the larger particles. This microfluidic structure, com-
monly known as an “H-Filter”, can be used for extracting
desired particles from a sample stream containing those
particles.

[0009] Several types of valves are commonly used for
fluid management in flow systems. Flap valves, ball-in-
socket valves, and tapered wedge valves are a few of the
valve types existing in the macroscale domain of fluid
control.

[0010] However, in the microscale field, where flow chan-
nels are often the size of a human hair (approximately 100
microns in diameter), there are special needs and uses for
valves which are unique to microscale systems. Special
challenges involve mixing, dilution, fluidic circuit isolation,
and anti-sedimentation techniques, for example in analyzing
fluids with various concentrations of particulates in suspen-
sion.

[0011] Many different types of valves for use in control-
ling fluids in microscale devices have been developed. For
example, U.S. Patent Application 2005/0275494 describes
magnetic pinch valves. U.S. Pat. No. 6,432,212 describes
one-way valves (also known as check valves) for use in
laminated microfluidic structures, U.S. Pat. No. 6,581,899
describes ball bearing valves for use in laminated microf-
luidic structures, and U.S. patent application Ser. No.
10/114,890, which application is assigned to the assignee of
the present invention, describes a pneumatic valve interface,
also known as a zero dead volume valve or passive valve, for
use in laminated microfluidic structures. The foregoing
patents and patent applications are hereby incorporated by
reference in their entirety.

[0012] Although there have been advances in the field,
there remains a need in the art for electromagnetically
controllable valves for use in microscale devices and appa-
ratuses. The present invention addresses these needs and
provides further related utility.

BRIEF SUMMARY OF THE INVENTION

[0013] Micromechanical, electromagnetically actuated
tongue valves adapted for the laminar flow environment
characteristic of microfluidic devices are disclosed. With
electromagnetic actuator assemblies, the valves can be used
to manipulate fluid flow and to mix fluids at the microscale.
Tongue members projecting upstream into fluid flow (“in-
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flow”) have the hitherto for unanticipated utility described
here. Methods, apparatuses, and devices are aspects of the
claimed invention.

[0014] Disclosed is a method for separating or capturing
suspended particles in a microfluidic device, comprising the
steps of: Introducing a fluid stream containing a plurality of
suspended particles into a first microfluidic channel of a
microfiuidic device, wherein said particles in said fluid
stream are generally flowing in a ribbon surrounded by a
fluid sheath from upstream to downstream in said first
microfiuidic channel; Transporting said ribbon over the
leading upstream edge of the tip of a tongue member with
magnetically responsive element that projects into the lumen
of said first microfluidic channel; Detecting a signal from at
least one target particle in said fluid stream at an upstream
detection point and processing said signal by calculating a
time delay and pulse length time based on the linear velocity
of fluid in the first microfluidic channel and the distance
between the upstream detection point and the leading
upstream edge of the tip of the tongue member; After said
time delay, electromagnetically raising said tip of said
tongue member into the fluid stream so as to divert a
segment of said ribbon containing the target particle into a
fluidly connected second microfluidic channel branching
from said first microfluid channel; After said pulse duration
time, electromagnetically lowering said tip of said tongue
member, thereby restoring fluid flow in said first microflu-
idic channel.

[0015] Particularly preferred is the above method wherein
said at least one target particle is selected from the group
consisting of cell, microsphere and bead, generally a labeled
cell, microsphere or bead. Such methods may be automated
or semi-automated.

[0016] A preferred embodiment is a semi-automated or
automated method for manipulating fluid flow in a dispos-
able microfluidic cartridge fitted with a tongue member of
the current invention. The cartridge is generally mounted in
an apparatus comprising circuit elements and firmware to
operate one or a pair of electromagnetic actuator assemblies
and optional sensors, which may be mounted in the appa-
ratus external to the body and microfiuidic channel in which
the tongue is mounted.

[0017] Also disclosed is an apparatus for performing these
methods. Such apparatus for separating or capturing sus-
pended particles in a microfluidic device may comprise: A
means for introducing a fluid stream wherein is suspended a
plurality of particles into a first microfluidic channel with
lumen of a microfluidic device, wherein said particles in said
fluid stream are generally flowing as a ribbon surrounded by
a fluid sheath from upstream to downstream in said first
microfluidic channel, and are flowing over a tongue member
with tip with leading upstream edge that projects into the
lumen of said first microfluidic channel; A means for detect-
ing a signal from at least one target particle in said fluid
stream at a detection point and for processing said signal by
calculating a time delay and pulse duration time based on the
linear velocity of fluid in the first microfluidic channel and
the distance between the detection point and the tip of the
leading upstream edge of the tongue member; A means for
electromagnetically raising said leading upstream edge of
said tip of said tongue member into the fluid stream after
said time delay so as to divert said ribbon containing the
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target particle into a fluidly connected second microfluidic
channel branching from said first microfluid channel; A
means for electromagnetically lowering said tip of said
tongue member out of the fluid stream after said pulse
duration time, thereby restoring fluid flow to said first
microfluidic channel and capturing a segment of said ribbon
with said at least one target particle.

[0018] Inanother embodiment, an apparatus for separating
or capturing suspended particles in a microfluidic device
may comprise: A body structure comprising a generally
planar substrate; Generally disposed in the plane of said
substrate, a microfluidic sorter channel with lumen and with
walls, with upstream aspect, and with first downstream
branch and second downstream branch, wherein said down-
stream branches are fluidly connected to said upstream
aspect; A tongue member with tip and leading upstream edge
of tip projecting upstream in said microfluidic channel, said
tip further comprising a magnetically responsive element,
and wherein said tip has a first position and a second
position; and further wherein said first position occludes said
second downstream branch and said second position
occludes said first downstream branch of said microfluidic
sorter channel; A means for introducing and a means for
transporting a fluid stream containing a plurality of sus-
pended particles into said upstream aspect of said microf-
luidic channel, so that said particles in said fluid stream are
generally flowing in a ribbon surrounded by a fluid sheath
from upstream to downstream in said microfiuidic channel,
and are flowing over the leading upstream edge of said tip
in its first position and into said first downstream branch of
said microfluidic sorter channel; A means for detecting a
signal from at least one target particle in said fluid stream at
a detection point in said upstream aspect of said microfluidic
channel and for processing said signal by calculating a time
delay and pulse duration time based on the linear velocity of
fluid in the first microfluidic channel and the distance
between the detection point and the tip of the tongue
member; A means for switching said leading upstream edge
of said tip of said tongue from said first position to said
second position, wherein said means comprises a means for
generating an electric current pulse to a first electromagnetic
actuator after said time delay that a segment of said ribbon
containing said target particle is diverted into said second
microfiuidic channel; A means for switching said leading
upstream edge of said tip of said tongue from said second
position to said first position, wherein said means comprises
a means for generating an electric current pulse to a first
electromagnetic actuator after said pulse duration time, so
that said ribbon flows into said first downstream branch, and
a means for collecting said at least one target particle,
generally a downstream chamber or reservoir with collection
port. Fluid and particles not collected are transported to
waste.

[0019] The valves of the present invention comprise a
body structure with generally planar substrate; a microfiu-
idic channel disposed in the substrate; a tongue member with
magnetically deflectable tip projecting upstream into the
lumen from a wall of the microfluidic channel; at least one
electromagnetic actuator assembly in magnetic proximity to
the tip of the tongue; an electric current supply and control-
ler. The tongue member, is configured to redirect fluid flow
in the microfluidic channel when the magnetically respon-
sive tip is deflected by the magnetic field of an electric
current supplied to the first electromagnetic actuator assem-
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bly. The tip of the tongue member is positioned in the lumen
of the microfluidic channel upstream from its base of
attachment. Provision is also made for attachment of the
body to an apparatus supplying pneumatic, fluidic and
electrical controls.

[0020] The tongue comprises a material selected for a
bending limit of elasticity which is greater the nominal
deflection angle (in radians) between said first position and
said second position. Preferably, the material selected for the
tongue has the characteristic of resilience.

[0021] The tongue member in one embodiment is a mag-
netically susceptible metal, made for example from shim
stock. In other embodiments, the tongue itself is non-
magnetic, but a magnetically responsive element is embed-
ded, coated or attached to the tip of the tongue. This
magnetically responsive element may, for example, be dip-
coated as part of a soft, elastomeric valve plug on the tip of
the tongue.

[0022] In another embodiment the tongue member is a
metal foil member with tip and base. The base of the metal
foil member is embedded in a downstream wall of the
microfiuidic channel, and the tip of the metal foil member
projects upstream in the lumen of the microfluidic channel,
where it is free to deflect in the presence of a magnetic field.
The tip of the metal foil member may rest on a valve seat,
or may come to rest against a valve seat when deflected by
the electromagnetic actuator assembly.

[0023] Inanother embodiment the tongue member is a leaf
spring with tip and base. The base of the leaf spring is
embedded in a downstream wall of the microfluidic channel,
and the tip of the leaf spring projects upstream in the lumen
of the microfluidic channel, where it is free to deflect in the
presence of a magnetic field. The tip of the leaf spring may
rest on a valve seat, or may come to rest against a valve seat
when deflected by the electromagnetic actuator assembly.

[0024] In other embodiments, the electromagnetically
actuated tongue valves of the present invention comprise a
body structure with generally planar substrate; a microflu-
idic channel disposed in the substrate; a tongue member with
magnetically deflectable tip projecting into the lumen from
a wall of the microfluidic channel, a valve seat on which the
tip coveringly is positioned, and under the valve seat, a
fluidically connected junction of the first microfluidic chan-
nel and a second microfluidic channel; wherein the tongue
valve is configured to divert fluid flow from the first microf-
luidic channel to the second microfiuidic channel by sup-
plying electric current to an electromagnetic actuator assem-
bly that deflects the tip of the tongue so as to open or close
the valve. Provision is also made for attachment of the body
to an apparatus supplying pneumatic, fluid and electrical
controls.

[0025] These tongue valves may also have a second elec-
tromagnetic actuator assembly, which is positioned gener-
ally opposite the first electromagnetic actuator assembly
relative to the plane of the microfluidic channel or tongue,
so that by applying current to either of the opposing elec-
tromagnetic actuator assemblies, the tip of the tongue is
deflected towards the active coil, thus opening or closing the
valve in some embodiments, diverting fluid from one
microfluidic channel to another in other embodiments, or
mixing fluids, reagents and analytes.
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[0026] A controller is configured to direct electric current
to either the first or the second electromagnetic actuator
assemblies on command signal, so that the tip of the tongue
member is deflected toward either the first or second elec-
tromagnetic actuator assemblies in response to a command
signal. This command signal optionally is generated by
“off-card” firmware within the apparatus.

[0027] Tt should be noted that while a pair of electromag-
netic actuator assemblies, or one electromagnetic actuator
assembly and a leaf spring with memory, are useful to divert
flow, the same apparatus also can serve to mix fluid and
disrupt laminar flow. In this latter application, a series of
pulses applied to the controller will have the effect of
oscillating the magnetically susceptible tongue. By perfo-
rating the tongue, mixing can be increased.

[0028] In another embodiment the microfluidic channel
further comprises an upstream aspect, downstream “vee”
and the electromagnet tongue valve, with leading upstream
edge of the projecting tip, redirects fluid flow from one arm
of the “vee” to the other by switching from a first position
to a second position so as to occlude the second downstream
arm or the first downstream branch or arm. The downstream
first and second branches are fluidically interconnected with
the upstream aspect of the primary channel in which the
valve is positioned.

[0029] Also contemplated are microfluidic cartridges or
“cards” comprising a body with substrate; a microfluidic
channel for transporting a fluid, with lumen and upstream
end; a tongue member with tip and base, wherein said tip
further comprises a magnetically responsive element, and
further wherein the tip projects into the lumen of the
microfluidic channel and is configured to be electromagneti-
cally deflectable between a first position and a second
position so that fluid flow is redirected in the channel.

[0030] The base of the tongue member is embedded in a
wall downstream from the tip. The fluid may be redirected
to a branching microchannel, or simply mixed in the micro-
channel without diversion by the action of the tongue
member. The microfluidic cartridges may be fabricated by
lamination or by injection molding. The substrate of the
body member of the cartridges is comprised of a polymeric
material fabricated by a process selected from the group
consisting of lamination and molding, or a combination
thereof. Optionally, small electromagnetic coils known in
the art may be mounted in the body of the cartridge.
However, in a preferred embodiment, the coil or coils are
mounted externally in an analytical apparatus designed for
handling the cartridges, which are optionally disposable.

[0031] Multiple electromagnetically actuated tongue
valves of the present invention may be disposed within a
single microfluidic cartridge.

[0032] An apparatus for performing microfluidic analyses
is also disclosed. The apparatus is designed to receive a
microfiuidic cartridge of the kind described above and
comprises electromagnetic coils that serve to actuate one or
a plurality of electromagnetically actuated tongue valves
within the body of the cartridge. The apparatus also supplies
pneumatic, fluidic and electrical controls for cartridge-based
microfluidic assays.






