Dynamics of aqueous ferrofluid droplets at coflowing liquid-liquid interface under a
non-uniform magnetic field
U. Banerjee, A. Raj, and A. K. Sen

Citation: Appl. Phys. Lett. 113, 143702 (2018); doi: 10.1063/1.5046332
View online: https://doi.org/10.1063/1.5046332
View Table of Contents: http://aip.scitation.org/toc/apl/113/14
Published by the American Institute of Physics

Articles you may be interested in

Dynamic behavior of droplets under interfacial jamming of nanoparticles
Applied Physics Letters 113, 133702 (2018); 10.1063/1.5045775
Superhydrophobic waveguide: Liquid-core air-cladding waveguide platform for optofluidics
Applied Physics Letters 113, 143701 (2018); 10.1063/1.5049692
Spreading of impinging droplets on nanostructured superhydrophobic surfaces
Applied Physics Letters 113, 071602 (2018); 10.1063/1.5034046
Droplet ski-jumping on an inclined macro-textured superhydrophobic surface
Applied Physics Letters 113, 103702 (2018); 10.1063/1.5048301
Tears of an evaporating methanol meniscus on a silicon substrate
Applied Physics Letters 113, 083703 (2018); 10.1063/1.5041003
Tunable metamaterial beam with shape memory alloy resonators: Theory and experiment
Applied Physics Letters 113, 143502 (2018); 10.1063/1.5050213

APPLIED PHYSICS LETTERS 113, 143702 (2018)

Dynamics of aqueous ferrofluid droplets at coflowing liquid-liquid interface
under a non-uniform magnetic field
U. Banerjee, A. Raj, and A. K. Sena)
Department of Mechanical Engineering, Indian Institute of Technology Madras, Chennai 600036, India

(Received 27 June 2018; accepted 20 September 2018; published online 3 October 2018)
We report the dynamical behaviour of aqueous ferrofluid droplets (FFDs) of different sizes and
concentrations at the interface of coflowing immiscible oils in a microchannel in the presence of
the magnetic field. We show that the migration and sorting phenomena are governed by the
interplay between magnetic force Fm , non-inertial lift force Fl , and interfacial tension force Fi .
Depending on the force ratios, namely, the lift force ratio ½KL ¼ ðFl =Fi Þ] and magnetic force ratio
[KM ¼ ðFm =Fi Þ], three different regimes are identified. The results also reveal that the FFD trajectory and migration length (Lmig ) depend on the net force ratio ½FR; net ¼ ðFm þ Fl Þ=Fi  and magnet location xm . Finally, size-based sorting of FFD is demonstrated, which shows a remarkable
improvement in terms of the size range and resolution compared to when the magnetic field is not
present. Published by AIP Publishing. https://doi.org/10.1063/1.5046332

Precise manipulation of droplets is of significant interest
to the microfluidic community. Incessant progress in droplet
manipulation has played a vital role in the rapid development
in cell sorting,1 disease detection,2 and chemical reactions.3
Depending on the applications, droplet manipulation can
be either continuous or discrete. Continuous manipulation4
embraces a large quantity of droplets to be manipulated in
closed microfluidic channels and discrete manipulation
involves droplet manipulation on open engineered surfaces.5–8 Manipulation techniques can be classified as active
and passive. Active techniques use external stimuli such as
light,9,10 Electrowetting-on-dielectric (EWOD),11,12 and
magnetic field13 to actuate droplets in contrast to passive
techniques, where surface morphology14,15 and flow
dynamics16,17 play the utmost role. Considering the pros
and cons of various active techniques, magnet-based
manipulation has gained immense importance due to its
simplicity and low-cost. It facilitates contact free manipulation of magnetic18 as well as non-magnetic droplets,19
particles,20 and cells21 on both continuous and digital
microfluidic platforms. Magnetic droplets can be concocted from an aqueous solution containing magnetic particles or using commercially available ferrofluids.22 The
breakup dynamics of ferrofluid droplet (FFD) inside a Tjunction microchannel23 and flow focusing device24 in the
presence of uniform and non-uniform magnetic fields has
been studied. It is found that the breakup process and frequency can be easily modulated using a uniform magnetic
field as compared to a non-uniform magnetic field.
The literature clearly shows that there is limited understanding of the interaction between FFD and liquid interfaces
since most of the reported literature studies discuss FFD
manipulation in a single continuous phase. It includes the
influence of the uniform magnetic field on various droplet
generation regimes,25 sizes, and frequencies,26 which reports
the periodic generation of ferrofluid droplets of various sizes
using the square wave magnetic field. Another study27
a)
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depicts the influence of the uniform magnetic field on the
ferrofluid droplet size, shape, inter droplet spacing, and
velocity by varying the magnetic susceptibility of the FF,
continuous phase viscosity, and flow rates. Dynamics of
aqueous droplets at the liquid-liquid interface is well comprehended in the literature,28–30 where the shear rate is used
as the key parameter to sort aqueous droplets of various sizes
and deformability. However, such a system uses highviscous liquids. It is extremely challenging to vary and control the shear rate in such liquids to control the droplet size
range and sorting resolution. The present study accounts
such issues by enabling the manipulation of FFD using an
external agent (nonuniform magnetic field), which shows
enhancement in the sorting range, improvement in the sorting resolution, and control over the migration length.
Figure 1 delineates the schematic of FFD migration
across coflowing immiscible continuous phases CP1 and CP2
in the presence and absence of a non-uniform magnetic field.
The Reynold’s number in our case Re  1, which bolsters
_

3

the fact that non-inertial lift31,32 Fl ¼ Cl lCPyc R will be predominant and steering the lateral migration of FFD, where c_
is the shear rate, R is the FFD radius, lCP is the continuous
phase viscosity, y is the lateral position from the wall, and Cl
is the lift coefficient dependent on FFD orientation, viscosity
ratio, and radius.
At low Re, owing to the object size and deformability,
shear rate, orientation, viscosity ratio, and lateral position of
the object with respect to the channel wall, deformable
objects such as droplets and vesicles experience non-inertial
lift, due to which such objects tend to achieve the minimum
shear zone (where velocity is maximum) as reported in the
literature.28 In the case of a single-phase fluid flow, the minimum zone resides at the channel centerline. However, in the
case of coflowing liquids, the minimum shear zone exists
inside the low viscosity liquid which leads to two different
possibilities—a droplet will either remain in the CP1 or may
penetrate the interface to reach the minimum shear zone in
CP2. In the present case, the non-inertial lift force acts on an
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FIG. 1. Schematic of the experimental device showing non-migration and
migration of ferrofluid droplets (FFDs) across the interface of co-flowing fluids (CP1 and CP2) in the absence (a) and presence (b) of the magnetic field,
respectively. Size based sorting of droplets in the (c) absence and (d) presence of the magnetic field; the magnetic field improves sorting resolution; d1
and d2 are diameters of larger and smaller droplets in the absence of the
magnetic field, and d1m and d2m are the diameters of larger and smaller droplets in the presence of the magnetic field, ðd1  d2 Þ > ðd1m  d2m Þ magnetic
field improves sorting resolution.

object present at any arbitrary location in CP1 toward the
minimum shear zone (in CP2).
The later situation requires the following two conditions
be satisfied—ðiÞ The droplet comes in contact with the interface due to sufficient non-inertial lift within the available
channel length and ðiiÞ the non-inertial lift is sufficient to
overcome the interfacial tension (IFT)28,33 Fi  rR offered
by the interface between CP1 and CP2, where r is the interfacial tension between CP1 and CP2. While larger FFDs that
are subjected to higher non-inertial lift or immiscible continuous phases with a smaller IFT would satisfy the above two
conditions and migrate across the interface, manipulation of
smaller FFDs or continuous phases of higher IFTs would
require an external field. In such scenarios, a combination of
nDvV
non-inertial lift force Fi and magnetic force34,35 Fm ¼ l p
0
BrB can cause migration of FFD across the interface within
the available length, n—number
of magnetic nanoparticles

6:8  1023 particles=m3 for pure ferrofluid, Dv—difference in magnetic susceptibility of the magnetic nanoparticle
and the buffer ð103 Þ, Vp —volume of each nanoparticle
ðm3 Þ, l0 —permeability of free space ð4p  107 H=mÞ, B—
magnetic flux density ðTÞ, and rB—gradient of magnetic
flux density ðT=mÞ. FFD migration in the presence of the
magnet and non-migration in the absence of the magnet can
be seen in supplementary videos VS1 and VS2, respectively.
The microchannel device was fabricated in
Polydimethylsiloxane (PDMS) by following the standard
soft lithography procedure.17 We have used microchannels
of widths 300, 500, and 800 lm and depth 100 lm. Silicone
oil AP1000 (Sigma-Aldrich, Bangalore, India) was used as
the primary continuous phase (CP1) and mineral oil
(Sigma-Aldrich, Bangalore, India) was used as the secondary continuous phase (CP2). In our experiments, we have
used a commercial water based ferrofluid (EMG 408,
Ferrotec, Singapore) with glycerol (glycerol 0–40% v/v)
(Sigma-Aldrich, Bangalore, India) as the discrete phase.
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The properties of ferrofluid7 and the oils28 used in the
experiments are mentioned elsewhere.7,28 A neodymium
iron boron (NdFeB) permanent magnet ðL ¼ W ¼ H
¼ 0:47 cmÞ (K&J Magnetics, Inc., USA) was used for the
experiments. The magnetic flux density of the permanent
magnet is provided in the supplementary material (Fig.
S1). The continuous and discrete phases are supplied using
2.5 ml plastic syringes (Dispovan) equipped on syringe
pumps (neMESYS Pump, Cetoni, Germany). The interface
location and FFD motion are captured using an inverted
microscope (Olympus) coupled with a high-speed camera
operating at 1000 fps (FASTCAM SA4 model, Photron
USA, Inc.) interfaced with a Personal Computer (PC) via
Photron Fastcam Viewer software.
The interplay between three different forces Fl ; Fi , and
Fm decides the final destination of FFD in the microchannel.
The phenomenon of FFD migration can be characterized
based on two force ratios: lift force ratio KL ¼ ðFl =Fi Þ and
magnetic force ratio KM ¼ ðFm =Fi Þ, which depict the various
regimes of FFD transport, as shown in Fig. 2(a).
The “no migration regime” depicts (black square) that
FFD migration is not observed for KL 0:44 and
0 KM 0:14, which can be attributed to insufficient noninertial lift Fl and magnetic force FM due to the smaller size
ðKL  R2 ; KM  R2 Þ, low strain rate ðKL  c_ Þ, less deformability ðKL  Cl Þ, and lower concentration ðKM  nÞ. If we
keep strain rate and % glycerol fixed, both KL and KM are
found to increase with the increase in the FFD size.
Similarly, for the fixed size and strain rate, increase in %
glycerol results in an increase in KL due to the increment in
deformability and decrease in KM due to the reduction in the
particle concentration. The combination of these two effects
leads the FFDs into a different regime known as “partial
migration regime” (red circles), which is defined for 0:44
< KL 0:46 and 0:14 < KM 0:16.
Further increment in size and % glycerol enhances both
the force ratios leading to the complete migration of FFD.
The “migration regime” (blue triangles) spreads over a
wide region defined by KL > 0:46 or/and KM > 0:16. In the
absence of magnetic force ðKM ¼ 0; KL ¼ 0:34Þ, FFD
migration is not observed as shown in Fig. 2(b) which falls
within the defined limit as mentioned above. As soon as the
magnetic force comes into play, FFD starts to deflect toward

FIG. 2. (a) Regimes (no migration, partial migration, and migration) of FFD
transport based on non-inertial lift and magnetic force ratios; (b)–(e) pictorial illustration of various cases (no-migration, no-migration but FFD rolling
over interface, partial migration, and migration, respectively) depicting different regimes showing FFD migration inside a microchannel of outlet width
ðW ¼ 800 lmÞ.
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the interface, which is seen in Figs. 2(c) and 2(d). Due to
insufficient KL and KM , droplet rolls over the interface in (c)
as compared to partial migration in (d). When both the ratios
KM and KL are higher (i.e., sum of magnetic and non-inertial
lift exceeds the interfacial tension force), the FFD
completely migrates and locate itself at the minimum shear
zone (in CP2), as observed in (e). During interfacial migration, the competition between the forces leads to instability
(waviness) at the interface [see Fig. 2(e)], which has also
been reported in the literature28,36 for water and liquid metal
droplets. We also observed that once the droplet completely
migrates into the CP2, the interface becomes stable (flat)
again.
Figure 3 shows the effect of net force ratio FR; net
¼ ½ðFm þ Fl Þ=Fi  and magnet location xm on the migration
length Lmig of FFD. Experiments are performed with FFDs
of various concentrations and sizes in the presence of the
magnetic field to estimate the migration length Lmig . The gap
ðgÞ between the channel wall and the magnet surface is kept
fixed at g ¼ 1 mm throughout the experiments. The position
of the magnet is varied in each case (i.e., xm ) along the
x-direction (Fig. 1). Co-ordinates corresponding to magnet
centre xm and the FFD migration location Lmig (at which the
FFD completely enters CP2) are non-dimensionalised by the
channel length (L ¼ 2:7 cm) to get xm ¼ ðxm =LÞ and
Lmig ¼ Lmig =L , respectively. The net force ratio FR; net is
defined as the summation of non-inertial lift and magnetic
force ratios FR; net ¼ ðKL þ KM Þ. It is found from Fig. 3(a)
that when xm ¼ 0:55 and FR; net ¼ 0:58, the FFD migrates at
Lmig ¼ 0:66, and when xm ¼ 0:55 and FR; net ¼ 0:62, the
migration occurs at Lmig ¼ 0:63. Similarly, FFD migration
happens at Lmig ¼ 0:51 in the case of xm ¼ 0:35, FR; net
¼ 0:82 as compared to xm ¼ 0:35, FR; net ¼ 0:91 in which
Lmig ¼ 0:49. The shorter migration length can be attributed
to increase in size or higher % glycerol due to which the net
force ratio ðFR; net  R2 Þ increases. Figure 3(b) depicts the
control of FFD migration length by positioning the magnet
at a particular location, e.g., if we compare the migration of
FFDs for which FR; net ¼ 0:82, we found that for a magnet
location xm ¼ 0:35, the migration of FFD occurs at
Lmig ¼ 0:51, and for xm ¼ 0:40, the migration happens at
Lmig ¼ 0:53, which shows the control of the migration length
by locating the magnet at a particular position.
Finally, in Fig. 4, we demonstrate a wider size range and
smaller resolution in the case of magnetic assisted sorting of

FIG. 3. (a) Variation of the non-dimensional migration length ðLmig ) with
net force ratio ðFR; net Þ for various FFD migration cases; (b) variation of nondimensional migration length ðLmig ) with various magnet locations ðxm Þ; the
inset values in the plot represent the corresponding xm in (a) and corresponding FR; net in (b).
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FIG. 4. (a) Size based sorting of FFDs of size D ¼ 65lm and D ¼ 60lm in
the presence of the magnetic field; (b) size based sorting of FFDs of size
D ¼ 85lm and D ¼ 98lm in the absence of the magnetic field, in both cases
of channel outlet width W ¼ 500lm and interface location Wi ¼ 0:78.

FFD as compared to non-magnetic manipulation. FFDs of
different sizes are generated by controlling the discrete phase
(FF) flow rate, keeping the continuous phase flow rates the
same. For a fixed interface location Wi ¼ 0:78 and pure ferrofluid (0% glycerol), we generated droplets of size D
¼ 60 lm and D ¼ 65 lm in CP1, where Wi ¼ ðW  Wi Þ=W.
In the presence of the magnetic field, droplets of size D
¼ 60 lm do not migrate into CP2 and simply roll over the
interface. On the contrary, larger size FFDs ðD ¼ 65 lmÞ
migrate into CP2, as shown in Fig. 4(a) [see supplementary
video (VS3)]. This can be argued on the basis of the net force
ratio being higher in the case of larger size FFD ðD ¼ 65 lmÞ
as compared to smaller size FFD ðD ¼ 60 lmÞ which results
in its migration. Similarly, in Fig. 4(b), for fixed interface
location Wi ¼ 0:78 and pure ferrofluid (0% glycerol), we
generated FFD of size D ¼ 85 lm and D ¼ 98 lm in CP1. In
the absence of the magnetic field, droplet trajectory is governed by the non-inertial lift alone. Due to insufficient lift
force, even FFD of size D ¼ 85 lm are unable to migrate
across the interface and simply roll over the interface whereas
only FFD of size D ¼ 98 lm migrate into CP2 [see supplementary video (VS4)]. The FFD of size between D ¼ 60 lm
and D ¼ 65 lm in the presence of the magnetic field and
FFD of size between D ¼ 85 lm and D ¼ 98 lm in the
absence of the magnetic field exhibit partial migration. The
above shows two strong features of using a magnetic field for
FFD manipulation. First, the size range in which FFDs
migrate into CP2 is significantly wider in the case of magnetic
manipulation as compared to non-magnetic manipulation,
thus enabling magnetic sorting of FFD of a wider range of
sizes.
Second, the resolution of FFD manipulation is 5 lm
using a magnetic field but is >10 lm in the case of nonmagnetic manipulation. The enhancement in sorting resolution
in the case of magnetic assisted manipulation can be explained
as follows—when the FFD manipulation is due to non-inertial
lift alone, due to increment in size the lift force ratio modifies
from ðFL =Fi Þ ¼ aR2 to ðFL =Fi Þ ¼ aðR þ DRÞ2 , where a is a
positive constant for a particular strain rate and liquid
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combination. In the case of magnetic assisted manipulation,
increment in FFD size modifies the net force ratio from
ðFL þ FM Þ=Fi ¼ ða þ bÞR2 to ðFL þ FM Þ=Fi ¼ ða þ bÞ
ðR þ DRÞ2 , where b is also a positive constant for a particular
magnet strength and liquid combination. This verifies the fact
that the resolution of magnetic assisted sorting is better as
compared to pure non-inertial lift based sorting owing to the
higher net force ratio for a small difference in the FFD size
(DRÞ.
In summary, we reported the physics behind the manipulation of aqueous ferrofluid droplets (FFD) of different sizes
and concentrations at the interface of coflowing immiscible
liquids in a microchannel in the presence of the magnetic
field. The interplay between magnetic force Fm , non-inertial
lift force Fl , and interfacial tension force Fi governs the
interfacial migration of FFD. Three different regimes,
namely, “no migration,” “partial migration,” and “migration”
were observed depending on the force ratios, namely, the lift
force ratio ½KL ¼ ðFl =Fi Þ] and magnetic force ratio [KM
¼ ðFm =Fi Þ. Migration lengths of FFDs are found to reduce
with net force ratio FR; net ¼ KL þ KM and increase with magnet location xm , which shows that controlled manipulation of
FFD is possible. Finally, sorting of FFDs of various sizes and
concentrations is elucidated. It was observed that the migration
range of FFDs is widened in the case of magnetic manipulation
as compared to non-magnetic manipulation. Also, the size resolution of FFD sorting is significantly improved in the case of
magnetic manipulation ð 5 lmÞ in comparison to nonmagnetic manipulation ð>10 lmÞ. It is found that whenever
FFD tries to migrate from CP1 to CP2, it perturbs the interface
which results in an instability (wavy interface) and after migration the interface becomes stable (flat) again. This behaviour
does not affect the droplet migration behaviour as far as the
generation frequency is not too high.
See supplementary material for distribution of magnetic
flux density of magnet and supplementary video for migration
(VS1) and non-migration of FFD (VS2), size-based sorting in
the presence (VS3) and absence (VS4) of magnetic field.
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