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ELECTROPERMANENT MAGNE'T
ACTIVATED MICROFLUIDIC DROPLET
SIZE MODULATION

gs
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<

ENT OF GOVERNMENT SPONSOR.
SUPPORT

This mnvention was made with Government support under
grants HG000205 and CA177447 awarded by the national

Institution of Health. The Government has certain rights 1n
the 1nvention.

FIELD OF THE INVENTION

The mvention relates generally to microfluidics. More
specifically, 1t relates to active microfluidic water droplet
generation devices and techniques.

BACKGROUND OF THE INVENTION

Droplet generation 1s a key stage 1n all droplet microtlu-
1dic systems. The most common methods of continuous tlow
droplet generation are T-junction and flow focusing. The
latter 1s preferred 1n most systems for its faster generation
speed and overall smaller droplet sizes. Flow focusing
droplet generation, as shown 1n FIG. 1A, uses the intersec-
tion of two o1l channels 100, 102 and one aqueous channel
104, to generate monodisperse aqueous droplets 106. Tuning
the flow rate ratio between the o1l and aqueous channels
leads to droplet size modulation. As shown 1n FIG. 1B, for
a mineral o1l and water system, higher ratios lead to smaller
droplets. This s1ze modulation method, although simple and
widely used, has a significant disadvantage: response speed.
Using syringe pumps, flow rate stabilization following a
change 1s on the order of seconds or even minutes. During
the stabilization period, the generated droplet sizes change
slowly as well.

Active methods are required for fast droplet size changes.
The most common control method 1s electrical. Thermal,
mechanical and magnetic control methods have also been
demonstrated. Of these methods, magnetic control has seen
the least development and impact. There are two main
reasons for such limited impact. First, demonstrated meth-
ods use water-based ferrofluids as the discrete phase and
mineral o1l or silicone o1l as the continuous phase. Ferrotluid
droplets have limited use since the contents of the droplet are
exposed to 1ron oxide nanoparticles. The presence of these
nanoparticles can be detrimental for applications 1 cell
biology or chemical reactions. The second limiting factor 1s
the magnetic source. Demonstrated methods have used
either permanent magnets or electromagnets to generate the
magnetic field. Permanent magnets, although magnetically
strong, do not provide ON/OFF switching capability.
Obtaining multiple droplet sizes with a permanent magnet
requires physically moving the magnet with respect of the
generation region: a slow process with limited precision.
Electromagnet-driven methods do provide ON/OFF switch-
ing capability, albeit at slower rates than electrical control.
Also, conventional electromagnets are large, making them
unsuited for complex and dense microtluidic architectures
with multiple independent magnetic actuators.

SUMMARY OF THE INVENTION

The above problems with existing methods for active
droplet generation are solved by the present invention.

10

15

20

25

30

35

40

45

50

55

60

65

2

In one aspect, the present invention uses oil-based ferro-
fluids as the continuous phase. A dispersed, or discrete,
phase 1s preferably an aqueous fluid. Mineral oil-based
ferrofluids, 1n contrast with commercially available oil-
based ferrofluids, are compatible with PDMS, thus enabling
a more widespread use of ferrofluids for microflmdics
research and development. The present invention also uses
miniature electropermanent magnets (EPMs) as the mag-
netic field source. EPMs provide ON/OFF capability while
also delivering magnetic field strengths comparable to per-
manent magnets, at length scales suitable for multi-EPM
microtluidic systems.

The EPM 1s used for active droplet generation by modu-
lating the continuous phase (ferrofluid) flow rate. EPM poles
are placed 1n close proximity to the mput ferrofluid lines,
upstream from the droplet generation junction. Once the
EPM 1s activated, with a short high-current pulse, the local
viscosity of the ferrofluid increases and leads to a decrease
in the flow rate. Since the aqueous flow rate remains
constant, the oil-to-water flow rate ratio decreases thus
increasing generated droplet size.

In one aspect, the invention provides a method for active
microtluidic droplet generation. According to the method, a
miniature electropermanent magnet (EPM) 1s positioned
such that a magnetic field of the EPM overlaps with micro-
fluidic channels connected to a droplet generation junction
upstream from the droplet generation junction. The mag-
netic field of the EPM 1s controlled to modulate a continuous
phase ferrofluid flow rate 1n the microtluidic channels while
a dispersed phase tlows through a dispersed phase channel
connected to the droplet generation junction. As a result,
dispersed phase droplets are generated with volumes
actively controlled on-demand and under continuous tlow.

Preferably, the EMP 1s aligned such that the magnetic field
1s substantially orthogonal to the microfluidic channels
containing the ferrotluid.

The magnetic field of the EPM 1s preferably controlled to
induce a change in viscosity of the ferroflmd through the
magnetoviscous eflect. The magnetic field of the EPM 1s
preferably activated and deactivated by generating current
pulses through a coil of the EPM. By controlling a magni-
tude of current pulses 1n coils of the EPM, a magnitude of
the magnetic field 1s controlled. The magnitude of current
pulses 1n the coils of the EPM may be controlled to produce
a maximum magnetic field strength of at least 200 mT at a
pole of the EPM. The generated current pulses through the
coll of the EPM may have pulse widths less than 100
microseconds. Instead of switching the EPM, the EPM can
be maintained activated, without power consumption, with
the result that the volume of the generated dispersed phase
droplets 1s constant.

In another aspect, an active microfluidic droplet genera-
tion device 1s provided. The device includes a droplet
generation junction having at least one continuous phase
channel adapted for carrying a flow of ferrofluid, and a
dispersed phase channel adapted for carrying a dispersed
phase tlow. The device also includes a miniature electrop-
ermanent magnet (EPM) positioned upstream from the drop-
let generation junction and adapted to generate a magnetic
field to modulate a flow rate of a ferrofluid 1n the continuous
phase channel. Preferably, the EPM 1s aligned such that the
magnetic field 1s substantially orthogonal to the continuous
phase channel. The EPM 1s preferably positioned within 200
microns of the continuous phase channel.

The droplet generation junction may be, for example, a
T-junction having just one continuous phase channel, or a
flow-focusing junction having two continuous phase chan-
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nels. The continuous phase channel and the dispersed phase
channel may have side and top walls formed of polydim-
cthylsiloxane (PDMS) and bottom walls formed of glass.

In preferred embodiments, the ferroflid 1s composed of
superparamagnetic nanoparticles suspended 1n o1l or water-
based carrier liquid. The dispersed phase flow may be an
aqueous phase flow, or a bufler or cell growth media.

Embodiments of the present invention have many advan-
tages over existing techniques. Microtluidic devices that use
clectrical energy to control the size of droplets have elec-
trodes that apply voltage to a conducting fluid 1n order to
manipulate the droplet generation process. Electrostatic
devices have the {following drawbacks: Electrodes are
always 1n direct contact with fluids, which makes them
vulnerable to fouling, which affects the system reliability. In
contrast, the present invention provides contactless control
of droplet size. Second, the droplets are charged, which
makes them unsuitable for encapsulating sensitive chemaical
or biological samples. In contrast, droplets in the present
invention are not charged. Third, the dispersed phase fluid 1s
limited to conductive fluids only, whereas the present inven-
tion can work with any kind of dispersed fluid phase.

Microfluidic devices that use thermal effects to control
droplet size use resistive heaters or laser beams to change the
fluid properties responsible for droplet formation, which are
mainly viscosity and interfacial tension. The major draw-
back of this control method 1s that the heat aflects the
temperature of the whole device, which makes 1t difficult to
integrate this method of control with other independent
processes within the same device. In contrast, the present
invention has a localized etlect on the fluid used and does
not change its temperature.

Existing microfluidic devices that control droplet size
magnetically suffer from two main drawbacks: 1) The dis-
crete phase tluid used 1s a water-based ferrofluid. Ferrofluid
droplets aren’t suitable for sensitive chemical and biological
applications due to the existence of iron oxide nanoparticles
inside these droplets. In contrast, the present invention uses
water for the discrete phase and ferrofluid as the continuous
phase, thus eliminating this problem. 2) The type of magnet
used 1n existing devices 1s either a permanent magnet or an
clectromagnet. Permanent magnets, fixed in position, cannot
provide different droplet sizes, and do not provide ON/OFF
switching capability. Changing permanent magnet position
to obtain different droplet sizes 1s a slow process with
limited precision. Electromagnets provide ON/OFF switch-
ing capability but at relatively slow rates. In contrast, the
present invention uses a mimature EPM that 1s much smaller
than conventional electromagnets, provides fast ON/OFF
switching capability, and can deliver magnetic field
strengths comparable to permanent magnets.

Existing microfluidic devices that control droplet size
using hydraulic or pneumatic actuators to physically deform
the interface between two liquids have various drawbacks:
The response speed of these actuators 1s relatively slow (1n
contrast, EPM switching time 1s less than 100 us). Fabrica-
tion of these devices 1s complicated due to 1ts moving parts.
In contrast, the present mvention does not require any
moving parts. The continuous physical deformation of
microfluidic channels, which are usually made of elastic
materials like PDMS, may introduce cracks or permanent
deformations that affects the performance of the system. In
contrast, the EPM used in the present mmvention does not
subject the microfluidic channels to any kind of deforma-
tions.

Existing microfluidic devices that control droplet size
using piezoelectric actuators to physically deform the inter-
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face between two liquids have various drawbacks: The
continuous physical deformations/vibrations done to the

[

microtluidic device by the piezoelectric actuator may aflect
the device performance. In contrast, the EPM used 1n the
present invention does not cause any kind of deformations/
vibrations. The piezoelectric substrate required for the fab-
rication of the actuator is relatively expensive. In contrast,
the EPM and substrate used in the present invention are
Inexpensive.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a cross-sectional top view of a conventional
flow-focusing junction with two oil-based ferrofluid chan-
nels pinching ofl the water channel to create water droplets.

FIG. 1B 1s a graph of droplet diameter as a function of
oil-to-water flow rate ratio (Q_/Q, ), showing that droplet
s1ze decreases for larger ratios.

FIG. 2A 1s a schematic top view of input microfluidic
channels and tlow-focusing junction, where the positions of
EPM poles are shown as dotted lines, according to an
embodiment of the invention.

FIG. 2B 1s a perspective view of an EPM, microfluidic
channels and junction, showing pole-channel alignment and
separation of EMP from the channels by the thickness of the
glass coverslip, according to an embodiment of the mmven-
tion.

FIGS. 3A-F are perspective views of an EPM, microflu-
idic channels and junction, showing steps of active droplet
s1ze control process with EPM actuation, where the widths
of the arrows retlect the flow rate of the ferrotluid, according
to an embodiment of the invention.

FIG. 4A 1s a graph of magnetic field modulation for
different actuation currents, according to an embodiment of
the 1vention.

FIG. 4B 1s a graph of magnetic ficld modulation for
different pulse lengths, according to an embodiment of the
invention.

FIG. 5§ 1s a graph of relative viscosity increase in the
ferrofluid for applied magnetic field, according to an
embodiment of the invention.

FIGS. 6 A-B are diagrams of generated droplets in micro-
fluidic channels, illustrating active droplet size control using
mineral o1l based ferrofluid and EPM actuation, where
represents the water flow rate and Q_ the o1l tlow rate,
according to an embodiment of the invention.

FIG. 7 1s a graph of droplet size tuning for multiple flow
rates and actuation currents, where the water flow rate was
fixed at 0.1 ul/min, according to an embodiment of the
ivention.

FIG. 8 1s a graph of droplet diameter change at multiple
flow rates and actuation currents with the water flow rate
fixed at 0.1 pl/min, illustrating that shear-thinning eilect
becomes dominant at higher flow rates, according to an
embodiment of the invention.

FIG. 9 1s a diagram of generated droplets 1n microfluidic
channels, illustrating on-demand droplet size increase by
EPM ON time tuning, where single large droplet generation
1s demonstrated using 25-50 ms ON time, according to an

embodiment of the invention.

DETAILED DESCRIPTION

According to an embodiment of the present invention,
active droplet size control using an EPM 200 1s performed
in a PDMS microfluidic chip 202 with flow-focusing con-
figuration as shown in FIGS. 2A-B. The EPM’s ferromag-
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netic poles 204, 206 are aligned underneath the two nput
terrotluid lines 208, 210, separated from the channel by the
glass coverslip 212 with thickness 0.13-0.16 mm. The
terrofluid channels join a water channel 214 at a junction
216, which 1s also joined to an output channel 218. The 1input
terrotluid microchannels width preferably should not exceed

the EPM poles width to maximize actuation. This embodi-
ment uses 200 um channels with 350 um EPM poles due to
PDMS fabrication constrains. For 50 um tall channels, the
maximum channel width should not exceed four times the
height to prevent channel collapse. The length of the input
terrofluid channel straight section 1s designed to match the
length of the EPM poles, 3.6 mm, again to maximize

actuation.

A process ol active droplet size control using EPM
according to an embodiment of the mmvention 1s shown 1n
FIGS. 3A-F. The process starts with stabilized ferrofluid and
water flow rates 1n ferrofluild and water inlet channels,
generating droplets of uniform size 1n the output channel,
and the EPM OFF (FIG. 3A). Using a positive current pulse,
the magnetizations of the magnets are aligned and the EPM
1s turned ON (FIG. 3B). The magnetic field at the edge of the

b -

EPM poles induces a localized increase 1n the ferrofluid’s

viscosity by a process called the magnetoviscous eflect
(MVE) (FIG. 3C). MVE is described 1n more detail below.
The increased viscosity increases the fluidic resistance of the
input channels decreasing the flow rate (FIG. 3D). As seen
in FIG. 1B, a decrease 1in the o1l flow rate decreases the
oil-to-water flow rate ratio leading to generation of larger
droplets (FIG. 3E). Larger droplet size generation will be
sustained while the EPM 1s ON but no power will be drawn
since the EPM only draws power for switching but con-
sumes zero power afterwards. Using a negative current
pulse, the magnetizations of the magnets are reversed and
the EPM 1s turned OFF (FIG. 3F), thus restoring to the
original flow settings from FIG. 3A. This process can be
repeated at high rates, and it 1s only limited by the switching,
time of the EPM (which 1s less than 100 us). Also, by using
different actuation currents or pulse lengths, the EPM can be
activated to multiple magnetization levels, each delivering
droplets of different sizes. For example, FIG. 4A shows
magnetic field modulation for different actuation currents,
and FIG. 4B shows magnetic field modulation for different
pulse lengths.

A key feature of the present invention 1s the exploitation
of the magnetoviscous ellect to induce a localized increase
in the ferrofluid’s VlSCOSlty The magnetoviscous eflect, or
MVE, 1s the process 1n which the magnetic moments of the
ferroﬂuid’s nanoparticles try to align with the applied mag-
netic field, generating a magnetic torque that will hinder the
free rotation of the particles, macroscopically increasing
viscosity. The viscosity increase can be quantified by a
rotational viscosity term

3  a—tanha Eq. 1
E”S% + tanha S p
and the total viscosity 1s given by
N=NoH1,- Eg. 2

In Eqg. 1 and 2 above, n. 1s the carrier o1l viscosity, ¢ 1s the
volume fraction of magnetic solids 1 the ferrofluid, 3 1s
angle between the magnetic field and tlow vorticity, and o
1s the Langevin parameter given by
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where |1, 1s the permeability of free space, H 1s the magni-
tude of the magnetic field, d,, is the diameter ot the magnetic
core of the nanoparticles (~6 nm), k 1s the Boltzmann
constant and T 1s the temperature.

From Eq. 1-3, there are several important concepts to
consider. First, the applied magnetic field should be orthogo-
nal ($=90°) to the flow vorticity for maximum viscosity
change. Collinear magnetic field ($=0°) will result in zero
change 1n viscosity. In microfluidic channels, the vorticity 1s
defined as orthogonal, but 1n plane, to the tlow direction. The
EPMs generate a magnetic field that crosses the channel 1n
the out-of-plane direction, orthogonal to the tlow vorticity.
Second, the choice of ferrofluid locks the rest of the vari-
ables except H. This implies the active viscosity control
depends entirely on the magnetic field strength. FIG. 5
shows the change 1n viscosity for magnetic fields in the
range ol operation of the EPMs.

The EPM design used 1n this embodiment can generate a
magnetic field of 0.3 T at the edge of the poles. With the
microtluidic channels located approximately 130 um from
the poles (glass thickness), the magnetic field 1s roughly 0.2
T, corresponding to a 3-4% 1increase in viscosity. Stronger
EPMs or thinner substrates can lead to even higher viscosi-
ties, but due to the saturation of the ferrotluid magnetization,
the viscosity will saturate too at approximately 6% increase.
Ferrofluids with higher saturation magnetization could be
used for larger viscosity changes.

The change 1n viscosity 1s related to a change 1n flow rate
through the Hagen-Poiseuille law

A
0= "=

)
Ry

where Ap represents the pressure difterential and R, 1s the
fluidic resistance across the channel. For a rectangular
channel, R, can be approximated by

12nL

h ?
h?’w(l —0.63—]
w

where h, w, and L represent the height, width, and length of
the channel, respectively. From Eq. 4-5, an increase in
viscosity M icreases the tluidic resistance and decreases the
flow rate, assuming constant Ap.

Another phenomenon that will affect the viscosity change,
and resulting droplet size, 1s shear thinning. Ferrofluids
display non-Newtonian behavior when nanoparticles form
chains under applied magnetic field. Chain formation 1is
accounted for 1n more complex magnetoviscous effect mod-
cls, but 1 simple terms, longer chains lead to higher
viscosity. At higher shear rates (flow rates), these chains are
broken, or not allowed to form, thus reducing the magne-
toviscous eflect.

In experimental tests of the embodiment described above,
active droplet size control was demonstrated using EPM
actuation. Mineral o1l based ferrofluid with 4.5% v/v solid
magnetic content and 5% w/w Span80 surfactant was used
for the continuous phase and water for the discrete phase.

Ryyg =
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FIGS. 6A-B show increased droplet size generation for
multiple actuation currents and two different flow rate
settings. Actuation currents from 4 to 6.7 A were used. The
leadmg droplet (1ar right) on each 1image represents the last
droplet generated without EPM actuation and the rest of the
droplets (all larger) generated after EPM activation. Besides
droplet size, EPM actuation also aflects inter-droplet spac-
ing. FIG. 6 A shows 1images of the output channel containing
droplets generated under low flow rate, where droplets
increase from 135 um to 185 um 1n diameter. FIG. 6B shows
images ol the output channel containing droplets generated
under high tflow rate, where droplets increase from 86 um to
115 um 1n diameter.

EPM droplet size control was demonstrated for multiple
flow rate settings as shown in FIG. 7. As shown 1n the
control curve for the EPM OFF (0 A), droplet sizes can be
tuned from approximately 140 to 85 um using flow rate
adjustment, a slow and transient process. Using the maxi-
mum actuation current (6.7 A), droplet sizes can be tuned
from 185 to 115 um, in instant step response, as seen 1n
FIGS. 6 A-B. There are no transient droplet sizes generated
between the OFF and ON setting.

Shear thinming was recorded at higher operating flow
rates, as shown 1n FIG. 8. Droplet size increase diminishes
at higher flow rates since particle chain formation 1s sup-
pressed. Operating at higher actuation currents seems to
overcome shear thinning to some extent at lower flow rates,
as seen by the droplet size increase for actuation currents
above 5.3 A, but eventually dominates at higher flow rates.

Droplet size tuning with continuous uniform size was
demonstrated and 1t can enable many applications, but
on-demand droplet size tuning 1s also appealing for many
reasons. We have demonstrated that by controlling the ON
time ol the EPM, few large droplets can be generated
on-demand, as shown 1n FIG. 9. Decreasing the ON time
even further can lead to single large droplet generation 1n
between normal smaller droplets. This fine level of control
can be useful for sorting, sample preparation or other
applications where a larger droplet can be used as a marker.
Since EPM ON/OFF switching only requires approximately
100 ps, fast on-demand actuation rates can be achieved.

In summary, we have demonstrated that droplet size can
be controlled 1n a tlow-focusing geometry by coupling EPM
and oil-based ferrofluids. Using EPM actuation, immediate
droplet size change was demonstrated without any notice-
able size tapering. Even though shear thinning limits the
droplet size change at higher tlow rates, 1t was demonstrated
that stronger magnetic fields can mitigate this effect. We also
demonstrated that EPM switching can be used for on-
demand droplet size tuning.

The invention claimed 1s:
1. A method for active microfluidic dispersed phase
droplet generation, the method comprising:
positioning a miniature electropermanent magnet (EPM)
such that a magnetic field of the EPM overlaps with
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microfluidic channels connected to a droplet generation
junction upstream from the droplet generation junction;

controlling the magnetic field of the EPM to modulate a
continuous phase ferrofluid flow rate 1n the microfluidic
channels while a dispersed phase flows through a
dispersed phase channel connected to the droplet gen-
eration junction;

whereby dispersed phase droplets are generated with
volumes actively controlled on-demand and under con-
tinuous tlow.

2. The method of claim 1

wherein positioning the EMP comprises

aligning the EMP such that the magnetic field 1s substan-
tially orthogonal to the microfluidic channels contain-
ing the ferroflud.

3. The method of claim 1

wherein controlling the magnetic field of the EPM to
modulate the continuous phase ferrofluid flow rate
COmMprises

controlling the magnetic field to induce a change 1n
viscosity of the ferroflmid through the magnetoviscous

cilect.

4. The method of claim 1

wherein controlling the magnetic field of the EPM to
modulate the continuous phase ferrofluid flow rate
COMprises

generating current pulses through a coil of the EPM to
activate and deactivate the magnetic field of the EPM.

5. The method of claim 1

wherein controlling the magnetic field of the EPM to
modulate the continuous phase ferrofluid flow rate
COmMprises

controlling a magnitude of current pulses 1n coils of the

EPM to control a magnitude of the magnetic field.

6. The method of claim 1

wherein controlling the magnetic field of the EPM to
modulate the continuous phase ferrotfluid flow rate
COMPrises

controlling a magnitude of current pulses 1n coils of the

EPM to produce a maximum magnetic field strength of
at least 200 mT at a pole of the EPM.

7. The method of claim 1

wherein controlling the magnetic field of the EPM to
modulate the continuous phase ferrofluid flow rate
COmMprises

generating current pulses through a coil of the EPM,
where widths of the current pulses are less than 100
microseconds.

8. The method of claim 1

wherein controlling the magnetic field of the EPM to
modulate the continuous phase ferrotfluid flow rate
COMPrises

maintaining the EPM activated, whereby the volume of
the generated dispersed phase droplets 1s constant.

G ex x = e
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