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This paper demonstrates the use of magnetically controlled microfluidic devices to
produce monodispersed ferrofluid emulsions. By applying a uniform magnetic field on
flow-focusing and T-junction configurations, the size of the ferrofluid droplets can be
actively controlled. The influences of the flow rates,the orientation and the polarity
of the magnetic field on the size of ferrofluid droplets in flow-focusing and T-junction

configurations are compared and discussed.
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I. INTRODUCTION

Ferrofluid is a class of ”smart” fluids® which have been extensively used in a number of
applications. Ferrofluids possessed attractive properties such as easy magnetization and de-
magnetization, maintaining its fluidity even when subjected to a strong magnetic field?, high
rates of heat transfer® and changes of viscosity in moderate magnetic fields*. These prop-
erties make ferrofluids very useful for engineering and biomedical applications. Engineering
applications include cooling of loudspeakers®, magnetic sealing in bearings®, accelerometers’

and tilt sensors for underground pipes®

. In medical fields, ferrofluids are attractive drug
carriers due to their intrinsic physical properties and their abilities to target specific loca-
tions which thereby minimizing severe side effects. Common clinical applications includes
magnetic drug targeting?, treatment of thrombosis!® and tumor therapy!!. Theoretical stud-

ies of ferrofluids includes the well known normal field instability and pattern formation!?,

particles chain aggregation!® and structural transitions in different magnetic fields'4.

Recently, ferrofluid emulsions have been attracting great interest from researchers due to
its ability to discretize, isolate, react, compartmentalize and magnetically transport sam-
ples and reagents to targeted locations. These features are suitable for many lab-on-chip
applications. Ferrofluid emulsions integrated with microfluidic devices have applications in
areas such as production of magnetic particles'®, polymerase chain reaction (PCR) and
micropumps'”. Conventional approach to produce ferrofluid emulsions involves vigorous
mixing of the ferrofluid with another immiscible fluid, applying several purifications steps
and repeated pipetting to obtain highly monodispersed ferrofluid emulsions'®. Another ap-
proach to produce submicron ferrofluid emulsions involves the use of a coquette mixer to
shear the emulsions and subsequent sorting under a magnetic field to collect the narrowly
size-distributed emulsions'®. Both methods are often tedious, laborious and time consuming.
Understanding these predicaments, this paper presents a simple approach to produce highly

monodispersed ferrofluid emulsions by using simple microfluidic devices.

In our previous work, we demonstrated a novel way to control the production and manip-
ulate the size of ferrofluid emulsions using a permanent magnet integrated into a microfluidic
T-junction geometry'®. However, this method does not allow controllable manipulation as it
requires the permanent magnet to be placed at different locations. Several restrictions such

as magnet strength and size also limits the manipulation process. Knowing these limitations,



in this current work, water-in-oil ferrofluid emulsions are produced in both microfluidic T-
junction and flow-focusing configurations and then compared. These highly monodispersed
ferrofluid emulsions can be first generated and then also collected for further use. Besides
using conventional flow rates, this paper presents a robust and active mean to control the
size of the ferrofluid emulsions. By applying a uniform magnetic field across the microfluidic
devices, the size of the ferrofluid droplets produced can hence be actively manipulated at
ease using magnetic field which in turn is controlled by the applied electric current of an
electromagnet. The effect of a uniform magnetic field in the different configurations and the

polarity of the magnetic field are also presented and discussed.

II. EXPERIMENTAL

A. Device Fabrication

The microfluidic devices were fabricated using standard soft lithography?®. First, a layout
editor (Clewin, The Netherlands) was used to design the the devices. Each microfluidic
device has a total area of only 1 cm by 1 cm. The schematic sketch and dimensions of both
flow-focusing and T-junction configurations used in the experiments are shown in Figure
1. Next, a master mold was fabricated using the negative SU-8 photoresist (MicroChem
SU8-2100, USA). The thickness of the mold which defines the rectangular channel depth is
100 pm thick. PDMS oligomer and crosslinking prepolymer is mixed in the ratio of 10:1
and placed in a vacuum desiccator for 1 hour for degassing. The degassed PDMS mixture is
then poured onto the master mold and cured in a convection oven for 2 hours. After curing,
the casted PDMS was peeled from the SU-8 mold and punched using a manual puncher
(Harris Uni-Core, World Precision Instruments, USA). Fluidic access holes with a diameter
of 1.2 mm were created. The casted PDMS was then soaked in Isopropanol (IPA) for 15
minutes followed by rinsing in distilled (DI) water. The cleaning step prevents dirt and dust
from accumulating on the PDMS cast. After the cleaning process, the PDMS parts were
dried using nitrogen gas at high pressure to ensure that no dusts reside on the surface of the
PDMS cast which may later affect the bonding integrity. The PDMS cast was then placed
in an oven at 150°C for 30 minutes to ensure that the surface is free of water. Lastly, oxygen

plasma treatment (NT-2, BSET EQ) at 120 W for 45 seconds was used to bond the device
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FIG. 1. Schematic sketch of the microfluidic geometries used (not drawn to scale): (a) Flow

focusing and (b) T-junction.

to a 200-um layer PDMS spin-coated on a glass slide. The fabrication process is summarized

in Figure 2.

B. Materials

In order to produce ferrofluid emulsions, two immiscible fluids were introduced into the
inlet channels of the devices. Silicone oil (378364, Sigma-Aldrich) with a dynamic viscosity
of 96 mPa.s and density of 960 kg.m~3 works as the continuous phase (CP). Water based fer-
rofluid (EMG707, Ferrotec) with a dynamic viscosity of 5 mPa.s and density of 1100 kg.m=3
works as the dispersed phase (DP). The ferrofluids contains spherical Fe3O, magnetic nano
particles which have an average diameter of 10 nm. As the size of the magnetic nanopar-
ticles are very small, weak or negligible magnetoviscous effect is expected®. The volume
concentration of the magnetic nanoparticles is 1.8% and its intial susceptibility is 0.36. The

saturation magnetization of the ferrofluid is about 10 mT and the dielectric number is about
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FIG. 2. Fabrication process of the microfluidic device: (a)-(d) Fabrication of SU-8 master mold

and (e)-(f) is the fabrication of PDMS.

75. The magnetic nanoparticles are coated with an unknown anionic surfactants which serve
as a protective layer?! and prevents particles aggregation??. The interfacial tension between
the ferrofluid and silicone oil was measured using a commercial tensiometer (TVT-2, Lauda)

and is approximately 33 mN.m?3.

C. Experiment setup and procedure

The schematic sketch of the experimental setup is shown in Figure 3. First, the uniform
magnetic field is generated using a coil with 350 turns assembled around a C-shape iron
core?*. A separation gap of 26 mm ensures that the generated magnetic field is homogenous
and uniform. Next, the microfluidic devices are positioned in the middle of the gap. For the
flow-focusing device, the channel of the dispersed phase is aligned parallel to the magnetic
field. For the T-junction device, the channel of the dispersed phase is aligned perpendicular

to magnetic field. During the formation process of the emulsion, the direction of the magnetic
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FIG. 3. Schematic sketch of the experimental setup (not drawn to scale): (a) Top view and details

of the electromagnet and (b) experimental setup.

field is parallel to the fluid motion in both cases to ensure a fair comparison. Figure 4 shows
the measured magnetic field strength at different position relative to the midpoint of the
dispersed phase channel in the microfluidic devices. The result shows and confirms the
uniformity of the magnetic field within the region of emulsion formation. A first order fit for
the measured values depicts a linear straight line with negligible gradient. The magnetic flux
densities were measured using a commercial gaussmeter (Hirst GM05, UK) with an accuracy
of £1%. A DC power source (GPS-3030DD, Instek) was used to vary the magnitudes of the
magnetic flux density by changing the applied electric current. An inverted microscope (TE
2000, Nikon) and a high-speed camera (APX RS, Photron) were used to capture the droplet
formation process. Two syringe pumps (KDS 250, KDS Scientific) were used to deliver the
fluids into the microfluidic devices at fixed flow rates separately.

The experiments were conducted by fixing the flow rates of both the dispersed and con-
tinuous phases and varying the magnetic flux density. Three different sets of flow rates with
the same flow rate ratio were tested in the experiments. As silicone oil results in slight

swelling of PDMS?3, the fluids were allowed to flow for 20 minutes before the collection of
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FIG. 4. Measured magnetic flux density as a function of relative position to the centre line. The
magnetic field is generated using a constant current of 3 A. The centre line represents the midpoint
in the dispersed phase channel. A positive distance indicates the upstream and a negative position

indicates the downstream position. The position is adjusted using a micropositioner.

the images. This measure minimized the structural change within the microfluidic devices.
Images of the formation process were acquired at a rate of 1000 frames per second. The size
of the ferrofluid emulsions produced were then evaluated using a customized image process-
ing software (MATLAB, MathWorks). The magnetic flux density of the electromagnet is
varied by changing the supplied current at a regular intervals of 0.5 A. A stabilization time

of 15 minutes was also used at each interval.

III. RESULTS AND DISCUSSIONS
A. Flow-Focusing Configuration

Figure 5(a) shows the diameter of the ferrofluid droplets formed as a function of magnetic
flux density in the flow-focusing geometry. In the absence of the magnetic field, the ferrofluid
emulsions are formed in the “geometry-controlled /squeezing” regime®. The ferrofluid emul-
sions produced in this regime are highly monodispersed. In each ferrofluid droplet formation
process, the “finger” of the dispersed fluid progresses sequentially into the orifice. As the
ferrofluid tip advances, it first increases in size and then evolves into a conical shape. This
process limits the flow of the outer fluids and thus results in the change in shape for the

dispersed finger. As the dispersed finger blocks the flow of the outer fluids, the downstream
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FIG. 5. Size of ferrofluid emulsions as a function of magnetic flux density. (a) Flow-focusing

configuration and (b) T-junction configuration.

pressure builds up gradually. The dispersed finger is elongated and changes the curvature of
the neck?. Thinning of the neck occurs as the downstream pressure increases. A ferrofluid
droplet is formed when the capillary pressure balances with the viscous forces which then
"pinches” off the dispersed neck to form the droplet. After the formation, the dispersed
"finger” retracts to its original position located upstream and returns back to its domical
shape. At a fixed flow rate ratio (CP:DP:CP = 5:1:5). The size of the droplet decreases
with the increase of total flow rates [Figure 5(a)] due to the higher shear rate at higher total
flow rates and the less dominant capillary pressure. At a higher total flow rate, the shape of
the dispersed “finger” becomes more conical due to the higher shearing force imposed by the
continuous phase. The trends observed throughout the experiments agree with the scaling
argument proposed by Garstecki et al.?5.

In the presence of a magnetic field, the size of the ferrofluid droplets produced changes



with the applied magnetic flux density. In general, the size increases with the increase of the
magnetic flux density, Figure 5(a). As the dispersed phase fluid is aligned in the direction
of the magnetic field, the magnetic nano particles in the dispersed phase aligns and orients
itself in the direction of the magnetic field®>. The the additional magnetic force stretches
the fluid finger and induces internal secondary flow. The elongation of the finger delays the
thinning process of the neck and consequently the breakup of the droplet. Details of the
effect of the magnetic field on the formation process in a flow-focusing configuration were
investigated numerically by our group. In addition, others factors such as the local change
of magnetic induced changes to the local viscosity?” and changes in interfacial slips due to
the presence of the nanoparticles may also contributes to the changes. Figure 6 depicts
the movement of the magnetic nanoparticles along the magnetic field within the dispersed

phase®.

The experimental results also suggested that these changes are affected by the
total flow rate. At a higher total flow rate, the change in size of the ferrofluid emulsions
at a stronger magnetic field is less prominent and significant. At a higher total flow rate,
the dependence on the change in dispersed fluid flow rates is smaller. The first order fits

obtained in the experimental results also shows a decrease in gradient at higher total flow

rates.

B. T-junction Configuration

Figure 5(b) shows the diameter of ferrofluid droplets as a function of magnetic flux density
at the T-junction configuration. In the absence of the magnetic field, the ferrofluid droplets
are formed in the same ”geometry controlled/squeezing” regime. However under the same
flow rates, the sizes of the ferrofluid droplets formed were bigger than the one formed in the
flow-focusing configuration, because the dispersed phase fluid is not confined by the orifice?®
which limits the size of the droplets. In the T-junction geometry, the confinement of the
dispersed phase fluid is smaller due to a larger separation distance between the channel of
the dispersed phase and the channel of the continuous phase. The size of the orifice in
the flow-focusing geometry is about 50 pm and the size of the separation distance in the
T-junction is about 150 pum. The emulsions formation process in the T-junction is also
different as compared to the flow-focusing configuration. In the T-junction configuration,

the ferrofluid droplets are formed via a two-stage growth process?-3°. First, the dispersed
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FIG. 6. Alignments of the magnetic nanoparticles in the direction of the magnetic field. In both
cases, the flow rates are fixed at 25:5:25 (CP:DP:CP). (a) Without magnetic field and (b) at

magnetic flux density of 42.3 mT.

phase fluid gradually extrudes into the continuous phase channel and occupies the full width
of the continuous phase channel. The obstruction cause by the dispersed fluid also blocks the
flow of the continuous-phase fluid which increases the upstream pressure. The emulsion then
grows in size, while simultaneously reduces the neck of the dispersed phase. The upstream
pressure then pinches off the dispersed neck and formed the emulsion when the dispersed
phase fluid cannot withstand the upstream pressure. At a fixed flow rate ratio (CP:DP =
10:1), the sizes of the emulsions produced also changes with the change in total flow rate.
A smaller ferrofluid emulsion is formed when the total flow rate increase, due to the higher
shear rate and lower dependence of capillary pressure at higher flow rates. Compared to the
flow-focusing configuration, the change in total flow rates for the T-junction configuration
has a greater effect on the size of the formed ferrofluid droplets. A greater change in the

size of the droplet size is observed when the total flow rate increases.
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FIG. 7. Alignments of the magnetic nanoparticles in the direction of the magnetic field. In both
cases, the flow rates are fixed at 50:10 (CP:DP). (a) Without magnetic field and (b) at magnetic
flux density of 42.3 mT.

In the presence of a magnetic field, the size of the ferrofluid droplets also changes with
the applied magnetic flux density. However, in contrast to the flow-focusing geometry, the
size of the ferrofluid emulsions produced at the T-junction decreases with the increase of
the magnetic flux density. This difference in behavior is mainly caused by the orientation of
the magnetic field relative to the flow of the ferrofluid. In the flow focusing configuration,
the elongation delays the breakup. However, in the T-junction configuration, the extruding
dispersed phase fluid is perpendicular to the orientation of the magnetic field. The elongation
accelerates the thinning process of the neck and makes the droplet to break up earlier as
compared to the case without the magnetic field. Figure 7 illustrates the alignments of the
magnetic nanoparticles in the direction of the magnetic field in the T-junction configuration.
At higher total flow rates, the change in size of the ferrofluid emulsions at higher magnetic
flux density is also less prominent. This phenomenon is similar to the one observed in the

flow focusing experiments.
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C. Effect of magnetic polarity

In order to investigate the effect of the magnetic polarity on the size of ferrofluid emulsion
produced, the experiments reported above were repeated with a change in the direction of
the electrical current. This change in direction of the current induced a change in the polarity
of the uniform magnetic field. Figure 8 shows the effect of the magnetic polarity in both
flow-focusing and T-junction configurations. Suprisingly, when the direction of the magnetic
field is reversed, the trends obtained for the size of the ferrofluid droplets are similar in all
cases. This phenomenon suggests that the direction of the magnetic polarity has little or
no obvious influence on the size of the ferrofluid emulsion produced in microfluidic devices.

The magnetic polarity does not affect the size of the ferrofluid droplets.

IV. CONCLUSIONS

In this study, we introduced a novel method to produce and actively manipulate the size
of the ferrofluid droplets produced using simple microfluidic devices. Unlike in our previous
work, this method offers a flexible and reliable method to control the size of the ferrofluid
emulsion produced using simple microfluidic devices. From the experimental results, the
following conclusions can be drawn. First, the size of the ferrofluid emulsions formed was
found to change with the change in the flow rates, orientation and the strength of the
magnetic field. This demonstrates and ascertained that the concept can be used to effectively
manipulate the size of the ferrofluid emulsions produced in microfluidic devices. Second,
in the flow focusing configuration, the size of the ferrofluid emulsions produced increases
with the increase in magnetic flux density, because the dispersed fluid is parallel to the
direction of the magnetic fields. At higher flow rates, the effect is less prominent due to
a lower dependence on the changes in the dispersed flow rate. Third, in the T-junction
configuration, the size of the ferrofluid emulsions produced decreases with the increase in
magnetic flux density, because the dispersed fluid is aligned perpendicularly to the magnetic
field. The alignments of the magnetic nanoparticles with the magnetic field changes the
interfacial slips of the dispersed fluid, affects the magnetic induced changes in local viscosity
coefficients and thus results in the decrease in the size of the ferrofluid emulsions produced.

At higher flow rates, the effect is less dominant. Fourth, the effect of the magnetic polarity
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FIG. 8. Effect of the polarity of the magnetic field. Each colored line represents different fixed
flow rates used. The dark colored lines represent the ferrofluid emulsions formed using a positive
magnetic flux density. The light colored lines represent the ferrofluid emulsion formed using a
negative magnetic flux density. (a) Using the flow focusing geometry and (b) using the T-junction

geometry.

was found to have no influence on the size of the ferrofluid droplets produced in both flow
focusing and T-junction geometry, because the direction of the magnetic polarity does not
change the alignments of the magnetic nanoparticles with the magnetic field. Lastly, this
unique method proposed to actively manipulate size of the ferrofluid emulsions formed,
may be a simple alternative adopted to solve multiple complex problems faced by many
fellow researchers in different fields. This work also open up many exciting opportunities for

researchers in the application of magnetic nanoparticles.
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