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Manipulation of droplets based on physical properties (e.g., size, interfacial tension, electrical, and

mechanical properties) is a critical step in droplet microfluidics. Manipulations based on magnetic
fields have several benefits compared to other active methods. While traditional magnetic manip-
ulations require spatially inhomogeneous fields to apply forces, the fast spatial decay of magnetic
field strength from the source make these techniques difficult to scale up. In this work, we report
the observation of lateral migration of ferrofluid (or magnetic) droplets under the combined ac-
tion of a uniform magnetic field and a pressure-driven flow in a microchannel. While the uniform
magnetic field exerts negligible net force on the droplet, the Maxwell stresses deform the droplet
into elongated shapes and modulate the orientation relative to the fluid flow. Hydrodynamic inter-
actions between the droplets and the channel walls results in a directional lateral migration. We
experimentally study the effects of field strength and direction, and interfacial tension, and use
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analytical and numerical modeling to understand the lateral migration mechanism.

1 Introduction

Droplet microfluidics has emerged as a powerful technology on
lab-on-a-chip platforms for high-throughput screening of chem-
ical and biological assaysi™3. Dispersed in a continuous phase,
individual droplets often encapsulate chemical or biological sam-
ples (e.g., cells, DNA, proteins, and bacteria), serve as miniatur-
ized reactors, and allow biological and chemical reactions inside
individual micro-droplets?. The large surface to volume ratio
leads to significantly enhanced mass and heat transfer and bio-
/chemical reactions. Furthermore, the high-throughput nature
enables a vast number of assays in parallel, thereby drastically
improving accuracy of the results.

Manipulation, e.g., sorting, of the droplets based on their con-
tents or properties is a often a critical step in a chemical or bio-
logical assay. Droplets can be sorted by passive or active methods.
Passive methods are based on hydrodynamic features, such as ge-
ometry and fluid properties, to manipulate the droplets. For
passive methods to be effective, a complex geometry is usually
employed or a particular fluid such as viscoelastic fluid is used
as a buffer, which places some limitations on lab-on-a-chip appli-
cations. Active methods employ external fields™, such as elec-
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tric, acoustic, or magnetic forces, to manipulate
droplets. Among the various active methods, magnetic methods
have several distinctive advantages such as low or no heat gener-
ation, simple implementation and contactless control, and thus,
have received increasing attention over the last few years49.,

Ferrofluids are colloidal suspensions consisting of superpara-
magnetic nanoparticles. Magnetic particles in a ferrofluid com-
monly have a size of around 10 nm and are coated with surfac-
tant to stabilize and prevent agglomeration. Due to their abil-
ity to be controlled by external magnetic fields, ferrofluids have
been widely used in applications of mechanical and biomedical
fields#1*3, Some typical applications of ferrofluids in mircoflu-
idics include microvalves##, micropumps®, magnetic drug tar-
geting@ and magnetic separations of cells4Z. More recently in
droplet microfluidics, ferrofluid droplets have been used to encap-
sulate cells for culturing and sorting®® purposes, owing to their
bio-compability and ease of manipulation with magnetic fields.

Traditional magnetic manipulation of ferrofluid droplets
mainly relies on magnetic forces acting on the droplets. Assum-
ing small field variations over the droplet volume V,,, the mag-
netic force is*? F,, = UoVp[(M), —My) - VIH, where yy is the mag-
netic permeability of vacuum, H is the magnetic field, and M,,,
M/ denote the magnetization of the droplet and fluid respec-
tively. Selective manipulation of droplets is possible based on
the susceptibility contrast between the droplet and the surround-
ing phase, and droplet size (or volume). A number of groups
have utilized the magnetic force approach for various applica-
tions, including sorting of microalgae encapsulated in ferrofluid
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droplets*8, on-chip manipulation of ferrofluid droplets in water=>
or water droplets in ferrofluid=>, and selective distribution of
water-in-magnetic-fluid droplets in curved channels=®. However,
due to the fast decay of magnetic fields with distance from the
source®?, magnetic sources need to be placed in proximity to the
droplets in order to exert sufficient influence on droplets. Often
permanent magnets have to be placed nearby microfluidic chan-
nels2332130148 fyrther making the scaling up of magnetic manip-
ulation difficult.

In this work, we propose and demonstrate experimentally a
simple and novel droplet manipulation technique by using a uni-
form magnetic field. In this method, while the uniform mag-
netic field does not directly exert magnetic forces on the droplets,
it modulates the deformation of micro-droplets, which conse-
quently leads to a net lift force and lateral migrations of droplets
in shear flows. Although deformation of a ferrofluid droplet in a
uniform magnetic field has been well studied®!' in an unbounded
quiescent fluid, previous studies have not proposed to utilize the
deformed shape to control droplet migration. In this work, we
explain the cross-stream migration using a hydrodynamic theory
involving the interaction of the deformed droplet’s stresslet field
with the walls of the channel. We then also use numerical simu-
lations, based on the level-set method, to better understand the
magnetic and flow fields around the droplets and confirm the mi-
gration mechanism.

2 Experiment

(@)
a Microfluidic

chip

Halbach
array

(b)
Q2 L
/2 h
NN “inlet W,

o ||
+L>

o
o

L

/ e o o '

) "
/ / Ho AB / / cross section

Fig. 1 (a) Photo of the microfluidic chip located in a uniform magnetic
field. (b) Schematic showing the dimensions of the microchannel.

Q,f2 {3',2

Fig[Tj(a) shows the microfluidic chip placed in a uniform mag-
netic field with strength Hy and direction «, which is generated
by a Halbach array2. The microfluidic chip was fabricated with
polydimethylsiloxane (PDMS) using a previously reported soft-
lithography method?. The width, depth and length of main mi-
crochannel are w, = 800 um, d. = 70 um, and L ~ 13,000 um
as shown in Fig. [I(b). Three different sets of Halbach arrays
were designed to generate the uniform magnetic fields, which
consisted of 20 cuboid permanent 0.25” x 0.25” x 0.25”, 0.25”
x 0.25” x 0.5” or 0.25” x 0.25” x 1” magnets (K&J Magnet-
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ics, Inc.). The details of the design and test of the uniform mag-
netic field can be seen in the ESI of the previous reported work>%.
The magnitudes of these magnetic fields within the central region
were measured as Hy =~ 18,000, 35,000 and 60,000 A/m by a
gaussmeter. The droplet is generated by a flow-focusing config-
uration at the upstream, as shown in Fig. [I[(b). Water-based
ferrofluid (EMG 304, Ferrotec Corp.) is the dispersed phase, with
the density py = 1.24x 103 kg/m3, viscosity nr =5 %1073 Pas
and an initial magnetic susceptibility (i.e. at small field strength)
Xr = 5.03. Olive oil is used as the continuous phase and buffer
fluid, with a density p, = 0.92x10% kg/m?, a viscosity 1, = 78
%1073 Pa-s, and a magnetic susceptibility y, ~ 0. Three different
olive oil solutions were prepared by adding 0.125% wt, 0.25%
wt, 0.375%wt of surfactant SPAN 80 (Sigma-Aldrich, USA) to
vary the interfaical tension. The corresponding oil-ferrofluid in-
terfacial tensions were measured as 5.86+0.19, 4.3140.22 and
2.5240.22 mN/m using the pendant droplet method=>. Three sy-
ringe pumps (KDS Scientific) were used to control the flow rates
of the inlets. The flow rates of the dispersed phase (i.e., fer-
rofluid), continuous phase and buffer flow are Q| = 0.15 puL/min,
0> = 4 ul/min and Q3 = 6 puL/min. At these flow rates, the
mean fluid speed is # ~ 3 mm/s and the corresponding Reynolds
number in the main channel is Re ~ 0.028. The trajectories of the
ferrofluid droplets were recorded through an inverted microscope
(IX73, Olympus) with a high-speed CCD camera (Phantom Miro
M310, Vision Research). Custom MATLAB codes were written to
analyze the centroid position and shape (including deformation
and orientation) of the droplets from the recorded videos.

3 Results and discussion

3.1 Effect of direction of magnetic field

Fig. |2| shows the images of droplets at the inlet and outlet and
the corresponding probability distributions of droplet centroid in
the y direction. In this experiment, the oil-ferrofluid interfacial
tension is ¢ = 4.31+0.22 mN/m. The average radius of unde-
formed droplet is Ry = 60.76 um. The droplets are generated up-
stream and enter along the center-line of the channel. As can be
seen in Fig. al)—(a3), there is negligible deformation and al-
most zero net lateral migration in the cross-stream direction (i.e.,
y direction) when no magnetic field is applied (Hy = 0). Since
the Reynolds number is small (Re = 0.028 < 1), inertial effects
are negligible. According to previous theoretical®® and numer-
ical®Z investigations, a droplet initially placed at the center-line
of a channel flow, in the absence of a magnetic field, will trans-
late only in the axial direction (i.e., x direction) for viscosity ratio
between dispersed and continuous phases A < 0.5 or A > 10. In
this work, 2 = 1y/n, = 0.064 and indeed the droplets are found
to translate stably along the axial direction in Fig. a1)—(a3).

In the presence of a magnetic field, the droplet is deformed by
the combination of shear and magnetic fields, the latter producing
Maxwell stresses. Deformation due to shear is quantified by the
capillary number Ca = un,Ry/(ow.), while deformation due to
the magnetic field (assuming a linearly magnetizable material) is
quantified by the magnetic bond number Bo,, = /JOH(%RO /(20). In
our experiments, Ca ~ 7 x 1073 and Bo,, ~ 7, suggesting that the

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Images at the inlet and outlet, and the corresponding probability density function (PDF) of the centroid of the ferrofluid droplet in the y direction.
(a1—a8) without a applied magnetic field (Hy = 0 A/m); (b1-b3) Hy ~ 60,000 A/m, and a = 0°; (c1—c3) Hy ~ 60,000 A/m, and a = 45°; (d1-d3) Hy ~
60,000 A/m, and o =90°; and (e1-e3) Hy ~ 60,000 A/m, o = 135°. The flow rates are Q; = 0.15 ulL/min, 0, = 4.0 uL/min and Q3 = 6.0 uL/min for all
the experiments. The oil-ferrofluid interfacial tension ¢ = 4.3140.22 mN/m. Video clips for these experiments available as the ESI.

deformation due to the magnetic field is dominant.

This is borne out experimentally: we find that when a uniform
magnetic field (Hy ~ 60,000 A/m) is applied at various directions,
as shown in Fig. b)—(e), the droplets become elongated in the
direction of magnetic field, with their elongation and orientation
nearly independent of their position across the channel. Further,
we find that the direction of the magnetic field controls the di-
rection of the cross-stream migration. When the magnetic field
is parallel to the flow direction (i.e., o = 0°) as shown in Fig.
IZKbl)—(bS), the droplets deform into an ellipsoidal shape with
theirs major axis parallel to the flow direction, and there is only
a slight net lateral migration in the cross-stream direction, which

This journal is © The Royal Society of Chemistry [year]

might be attributed to imperfection of the experimental condi-
tions. As « increases to 45° as shown in Fig. c1)—(c3), a similar
deformed shape is observed and the elongation axis is aligned
to 45°, which results in the droplet migrating towards the upper
channel wall. The average distance of the cross-stream migration
between inlet and outlet is measured to be 181.16 um. When «
increases to 90° as shown in Fig. c1)—(c3), the elongation axis
is perpendicular to the flow direction, and there is a slight net lat-
eral migration in the cross-stream direction (again might be due
to imperfect control of the experiments). At an inclination angle
o = 135° shown in Fig. e1)—(e3), the elongation axis is aligned
to 135°, which results in the droplets migrating towards the lower

118
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wall. The average distance of the cross-stream migration between
the inlet and outlet is —182.17 um.

3.2 Cross-stream migration mechanism

The cross-stream migration of the droplet can be understood by
considering hydrodynamic interactions between the droplet and
the upper and lower walls of the channel. It is well known that
the stresslet field around a droplet in shear flow alone, by hy-
drodynamic interactions with nearby boundaries, can result in a
cross-stream migration of the droplet®®, A key observation is that
the component of the stresslet responsible for lateral migration
depends on the inclination of the droplet’s long axis relative to
the flow. As discussed above, in our experiments, the droplet’s
orientation is set largely by the magnetic field, independent of
the flow.

We estimate the cross-stream migration velocity by model-
ing the droplet as a rigid particle with fixed orientation an-
gle ~ o relative to the horizontal axis. Although this ap-
proximation neglects the influence of the interior flow of the
droplet, it typically results in small errors in cases of shear-
induced deformation=6220 The stresslet of the droplet can
then be approximated using the relations of Kim and Karrila©l
for rigid ellipsoids. Next, we recognize that in the present ex-
periments the droplet is centered between the channel walls in
the depth direction, and therefore experiences shear gradients
primarily in the width (y) direction. We introduce the Tay-
lor deformation parameter D = ﬁ;—g, where L and B are the
semi-major and semi-minor axes, respectively, of the droplet;
note that 0 < D < 1. Then, the yy component of the hydrody-
namic stresslet is Sy, = nonL38yux{ (%XM — %ZM — 2YH> sin2a —
(%XM— %YM+]5—ZZM) sin4a}, where XM, zM 7M™ and YH are
known functions of the deformation D (see Table 3.4 of Kim and
Karrila®®l). The term proportional to sin4cr is numerically much
smaller than the term proportional to sin2¢ for the deformations
measured in experiments, and is therefore neglected below. Ac-
counting only for the first reflection of the stresslet with the upper
(y =w,) and lower (y = 0) walls, the cross-stream migration ve-
locity of a droplet whose center is at a position y; > R is2802

9 1 1
| > ———— | Sy . la
™ " eann, <y§ (Wc—)’d)2> wh o
3R3 Ju 1 1 D
0 ux i
~ 07 - - sin2a0 for D« 1,
7 9y |y, (yf, (W—yd)z) 1-D

(1b)

Equation ) is obtained as the leading term of a Taylor expan-
sion of the ) for small deformations, although it remains accu-
rate to within 10% even at D = 0.5.

The theoretical prediction (Ip) quantitatively reproduces the
direction of the vertical drift observed in the experiments: the
droplet drifts towards the upper wall (y = w,) for o in the first
and third quadrants, and towards the lower wall (y = 0) for o
in the second and fourth quadrants. Fig. [3| shows the compari-
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son between the theory and experiment when a droplet was un-
der a magnetic field at o = 135° and migrated towards the lower
wall. Note that du,/dy in is determined using results (eval-
uated at the z-symmetry plane) for a rectangular channel®, and
D is obtained from experimental measurements. According to the
theory, the symmetry plane y = 0 is an unstable fixed point of
the trajectory, so the droplet can, in practice, drift across it. This
behavior is similar to recent theoretical predictions for the migra-
tion of droplets in Poiseuille flow under uniform electric fields®.
Lateral migration due to both magnetic and electric fields is in
contrast with the case of a droplet drifting due to deformation
by shear alone, where the droplet migrates towards the center-
line y = w,/2, which in this case is stable fixed point of the lateral
migration dynamics when A < 0.5 or A > 1029,

To further confirm the cross-stream migration mechanism of
the droplet, a two-dimensional (2D) numerical model was devel-
oped to investigate the ferrofluid droplet transport in the chan-
nel. By using commercial a finite element method solver (COM-
SOL Multiphysics), the numerical model employed the level-set
method, and coupled the magnetic and flow fields. Briefly, the
magnetic field is first determined by solving the magnetostatic
equation, and the magnetic force term is then coupled to the
Navier-Stokes equation. More details of the numerical modeling
is available from our previous work®, The magnetic field with
strength of 60000 A/m and direction of 45° or 90° was used in
the simulations.

Fig. [4(al) shows a comparison of experimental and numeri-
cal results when the magnetic field is applied at o = 45°. As we
can see, the numerical results are in quantitative agreement with
the experiment. The magnetic field and velocity field around the
droplet are shown in Fig. @(aZ) and (a3). The magnetic force act-
ing on the droplet is approximately zero for an ellipsoidal droplet
placed in a uniform field®?, which is supported by numerical sim-
ulation of the magnetic field distribution (Fig. @(aZ)). The pres-
ence of magnetic fields leads to the generation of Maxwell stresses
at the interface between ferrofluid and olive oil, which cause the
deformation of the droplet. Further, the direction of elongation
(i.e., major axis) is aligned to the direction of magnetic field. As
a result of the ellipsoidal shape and relative orientation of the
droplet, the velocity profile around the droplet is asymmetric to
the flow direction, as shown in Fig. [4((a3). This asymmetric orien-
tation of the deformed droplet with respect to the flow direction
results in cross-stream migration towards the upper wall. Note at
a = 135°, the droplet will move towards the lower wall.

When applied at 90° to the flow direction, the magnetic field
causes the droplet to deform into an ellipsoidal shape and the
elongation direction is perpendicular to the flow direction. How-
ever, the velocity profile around the droplet is symmetric about
the channel’s centerline as can be seen in Fig. [4(b). Similarly,
for a = 0°, the droplet will be elongated parallel to the flow di-
rection, and no cross-stream migration will take place either due
to symmetric flow field around the droplet. In both cases, the
stresslet of the droplet is zero and therefore there are negligible
hydrodynamic interactions with the walls.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 (a) Comparison of droplet trajectory between the experiments and simulation (a1), and numerical results of the magnetic field (a2) and velocity
field (a3) for ferrofluid droplets when o = 45°.(b) Comparison of droplet trajectory between the experiments and numerical simulation (b1), and numerical
results of the magnetic field (b2) and velocity field (b3) for ferrofluid droplets when o = 90°. The magnetic field strength Hy = 60000 A/m and the oil-

ferrofluid interfacial tension o = 4.31 +0.22 mN/m.

3.3 Effects of magnetic field strength, interfacial tension and
flow rate

As discussed earlier, the cross-stream migration depends on the
deformation and relative orientation, which are expected to de-
pend on the properties of the fluids, flow field and magnetic field.
In a quiescent flow field, the deformation is related to the mag-
netic field strength, interfacial tension, and droplet sizeBl, The
droplet size depends on the flow rates used. So here, we focus
on the effect of magnetic field strength, interfacial tension and
flow rates on the drop migration by examining the case with a
magnetic field applied at 45°, as shown in Fig. [5(a,b). We used
the Taylor deformation parameter D to characterize the droplet
deformation. From Fig. [5(al), D increases with an increasing
magnetic field, meaning the elongation of ferrofluid droplet in-
creases. The larger deformation causes the a larger net lateral
migration of droplet as shown in Fig. a2). Fig. b) shows the
effect of oil-ferrofluid interfacial tension on the drop migration

This journal is © The Royal Society of Chemistry [year]

when magnetic field with Hy = 18000 A/m is applied at 45°. As
can be seen, D increases as the oil-ferrofluid interfacial tension
decreases, resulting in the increasing the net lateral migration of
drop. When the flow rate Q, is adjusted, the droplet size changes
as well. As can be seen in Fig. c2), the equivalent radius, Ry,
decreases with an increasing flow rate Q,. This lowers the mag-
netic bond number, resulting in the decreasing deformation (Fig.
cl)) and smaller net lateral migration of droplet.

Therefore, we can see that the magnetic field strength, inter-
facial tension and droplet size are three important factors for the
migration of droplet. The droplet deformation measured in the
experiments is much smaller than those predicted by existing the-
oryU for a ferrofluid droplet in an unbounded fluid, which could
be attributed to the confinement effect of the droplet.

Soft Matter, [year], [vol.],
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Fig. 5 The effect of magnetic field strength, interfacial tension and flow
rates on droplet migration. (a) Taylor deformation parameter, D, and the
net lateral migration, Ay, vary with magnetic field strength, Hy, when o
= 4.314+0.22 mN/m. (b) Taylor deformation parameter, D, and the net
lateral migration, Ay, vary with interfacial tension, o, when Hy =~ 18000
A/m. (c) Taylor deformation parameter, D, the net lateral migration, Ay,
and equivalent sphere radius, Ry, vary with flow rate, 0,, when Hy ~
35000 A/m.The magnetic field is applied at a = 45°.

3.4 Separation of ferrofluid and water droplets

The deformation-dependent migration under a uniform magnetic
field can be used for selectively separating droplets that exhibit
different deformations, which could be due to differences in size,
interfacial tension, or magnetic properties. As an illustration, Fig.
[] shows the separation of ferrofluid droplets from water droplets
by a uniform magnetic field. In this experiment, the ferrofluid and
water droplets are all generated at the center of the channel. The
oil-ferrofluid interfacial tension ¢ = 2.52+0.22 mN/m. Without
an applied magnetic field, both ferrofluid and water droplets flow
into the center sub-microchannel 3 and there is no separation,
as can be seen in Fig. E](a). When the magnetic field (Hy =
60000 A/m) is applied at 135°, the water droplets remained at
a similar initial position flowing into sub-microchannel 3, while
the ferrofluid droplets moved to the lower wall and flow into the
sub-microchannel 1. Thus, complete separation is achieved. This
magnetic manipulation is also tunable due to the easy control of
the direction of the magnetic field. When the magnetic field is
set at 115°, the ferrofluid droplets can be diverted to flow into
sub-microchannel 2.

As has been described earlier, the droplet migration depends on
the deformation and the orientation angle of the droplets; and the
droplet deformation depends on the magnetic field strength, in-
terfacial tension and the droplet size. For fixed field strength and
interfacial tension, the larger the droplet, the larger the defor-

6| Soft Matter, [year], [vol.], 1

mation (note that the magnetic bond number scales with droplet
radius). The current method will apply to micro-droplets as small
as 10 microns, as long as the magnetic field is sufficiently strong.
For the conditions (w, = 800 um, d. =70 um, L = 13,000 um,
Hy = 60000 A/m, 6 = 2.52 mN/m and Q,,;,; = 10.15 uL/min)
used in this work, experimentally we find the method can effec-
tively manipulate droplets with radius larger than70 um.

4 Conclusions

In summary, we have demonstrated a unique approach to manip-
ulate droplet migration in microfluidics by using a uniform mag-
netic field. In contrast to conventional magnetic manipulations,
the current approach does not induce direct magnetic forces on
the droplets. Instead, the Maxwell stresses arise at the droplet
interface due to a change of magnetic susceptibility across the
droplet interface, and consequently deform the droplet and af-
fect its relative orientation to the flow. Due to the deformed
shape and inclined angle to the shear flow, the droplet interacts
hydrodynamically with the channel walls, and migrates in the
cross-stream direction. We experimentally investigated various
parameters that influence the droplet migration, including mag-
netic field strength, magnetic field direction and interfacial ten-
sion. It is found that the lateral migration speed increases with
the droplet deformation, which in turn increases with the field
strength and decreases with the interfacial tension. The mag-
netic field direction, on the other hand, controls the orientation
of the drop and the direction of the lateral migration. The direc-
tion and speed of the lateral migration are well described by hy-
drodynamic theory that accounts for interactions of the droplet’s
stresslet flow with the walls of the channel. We have also devel-
oped two-dimensional numerical model that predicts the lateral
migration and confirmed negligible magnetic force.

In comparison to conventional magnetic separation, the uni-
form magnetic field technique is simple to implement and is fa-
vorable for high-throughput parallelization. Multiple microfluidic
channels can be conveniently integrated onto a single chip while
being subjected to the same uniform magnetic field. The demon-
strated technique thus provides a general mechanism for separa-
tion of micro-droplets, and has great potential for biological and
biomedical applications that require sorting of droplets by their
size, interfacial tension, or magnetic properties. One possible ap-
plication would be sorting of biological cells that are encapsulated
in ferrofluid droplets. Since the volume fraction of cells in a fer-
rofluid droplet would change the effective magnetic susceptibility,
this change may lead to different deformation, lateral migration
and separation of droplets.
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into the sub-micrcahannel 2 when Hj =~ 60000 A/m, a = 115°. The oil-ferrofluid interfacial tension ¢ = 2.52 +0.22 mN/m.
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