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ABSTRACT: We report a novel magnetic-ﬁeld-assisted method for the
fabrication and manipulation of nonspherical polymer particles within a
ferroﬂuid-based droplet microﬂuidic device. Shape control and chain
assembly of droplets with tunable lengths have been achieved.

(1). INTRODUCTION
Functional polymer particles with uniform sizes and shapes
have been proven useful in a wide variety of applications
including cosmetics, biotechnology, and pharmaceuticals.1−4
Traditionally, the dominant shape of polymer particles has been
spherical because of their manufacturing technique, which
typically involves emulsion and suspension polymerization. The
surface tension between the polymer solution and the
surrounding medium naturally favors surface area minimization,
leading to spherical particles.5 Nonspherical particles, on the
other hand, are beneﬁcial to many applications including drug
delivery, bioimaging, and biomimetics due to their large surface
area and anisotropic responses to external hydrodynamic,
electrical, and magnetic stimulation.6−10 The particle chain
structure with tunable length produced by this technique can
potentially be applied in microswimmer and surface topography.11,12 Strategies to fabricate nonspherical polymer
particles include template-assisted polymerization and controlled polymer nucleation and growth.13 However, it remains
diﬃcult to fabricate large quantities of monodisperse particles
with tunable shapes and sizes.5
Recently, ﬂow lithography was developed to form twodimensional and three-dimensional nonspherical particles of
the desired shapes within a microﬂuidic device through
combining mask-based lithography and photopolymerization.14−18 At the same time, droplet microﬂuidics also presents
an alternative strategy for the generation of monodisperse
polymer droplets by coﬂowing a polymer phase and an
immiscible continuous phase together within a microﬂuidic
device.19−21 On one hand, the sizes of droplets can be
controlled via the ratio of the ﬂow rates of two phases. A
downstream ultraviolet (UV) light source can solidify the
droplets carrying UV-curable polymer rapidly to preserve their
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shapes. Using the size of the microchannel as conﬁnement,
particles with disk, plug, and rod shapes have been successfully
fabricated.13 On the other hand, the functionalities of particles
can be designed, added, and controlled by the magnetic22−25
responses of polymer blends in the droplet.
In this study, we present a new method that can control the
shape and assembly of polymer droplets within a ﬂow-focusing
droplet microﬂuidic device to form nonspherical particles and
chains. This method, relying on a water-based magnetic liquid
(ferroﬂuid) as a continuous phase to (1) induce droplet
formation, (2) controllably change the shape of droplets, and
(3) assemble droplets into chains, is based on the magnetic
buoyancy force and dipole−dipole interactions in the
ferroﬂuids. The manipulation of droplets within ferroﬂuids
occurs under external magnetic ﬁelds. Ferroﬂuids are stable
colloidal suspensions of magnetic nanoparticles. The purpose of
using ferroﬂuids is to induce an eﬀective magnetic dipole
moment within the droplets immersed in ferroﬂuids. The
droplets, experiencing a large magnetic ﬁeld, can both deform
to nonspherical shapes and assemble into chains of tunable
lengths.

(2). EXPERIMENTAL SECTION
Schematics and a prototype ferroﬂuid-based droplet microﬂuidic
device are shown in Figure 1A,B. The polymer phase (monomer
mixed with photoinitiator) was introduced into the microﬂuidic
channel (inlet 2 in Figure 1A) and hydrodynamically focused by
ferroﬂuid sheath ﬂow (inlet 1 in Figure 1A). Droplets were induced
when proper ﬂow rates of the polymer phase and ferroﬂuid continuous
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Figure 1. (A) Schematic representation of the ferroﬂuid-based droplet microﬂuidic device. Arrows in magnets indicate the directions of
magnetization. The magnetic ﬂux density in the channel is estimated to be ∼500 mT. (B) Prototype device; the scale bar is 10 mm. Generation (C,
ﬂow-focusing area; D, chamber area) and polymerization (E, left, with ferroﬂuids; E, right, without ferroﬂuids) of droplets within the device. Scale
bars in C−E are 200 μm.

Figure 2. (A) Spherical polymer droplet generation with no magnetic ﬁeld. The sizes of the droplets can be controlled by adjusting the ﬂow rate
ratio between the polymer phase and the continuous ferroﬂuid phase. (B) Nonspherical polymer droplet generation with magnetic ﬁelds induced by
attractively placed magnets. (C) Polymer droplets are either compressed or stretched into an ellipsoidal shape by arranging magnets diﬀerently (in an
attractive manner or in a repulsive manner, as indicated by the arrows). Scale bars in A−C are 200 μm.
phase were reached, as demonstrated in Figure 1C,D. UV exposure in
the chamber photopolymerized droplets into solids (Figure 1E).
Magnets A and B indicated in Figures 1A were used to control the
shapes and assembly of droplets.
The continuous phase is a commercial water-based magnetite
ferroﬂuid (EMG 705, Ferrotec Co., Bedford, NH). The volume
fraction of the magnetite particles for this particular ferroﬂuid is 5.8%.
The mean diameter of nanoparticles has been determined from
transmission electron microscopy (TEM) images to be 10.2 nm. The
initial magnetic susceptibility is 1.17, the saturation magnetization
(μ0M) is 325 G, and the viscosity is 4.5 × 10−3 kg/m·s. The ferroﬂuid
was mixed with 0.1% Tween 20 (5% w/w) to prevent droplet
coalescence. The polymer phase consists of monomer (polypropylene
glycol diacrylate) and photoinitiator (hydroxycyclohexyl phenyl
ketone, 6% w/w), with an estimated viscosity of 6.8 × 10−2 kg/m·s.
The PDMS microﬂuidic channel was fabricated through a standard
soft-lithograph approach and attached to the ﬂat surface of another
piece of PDMS. Dimensions of the microﬂuidic channel are listed in
Figure 1. The thickness of the channel was measured to be 44 μm by a
proﬁlometer (Dektak 150, Veeco Instruments Inc., Chadds Ford, PA).
Experiments were conducted on the stage of an inverted microscope

(Zeiss Axio Observer, Carl Zeiss Inc., Germany). During experiments,
ferroﬂuid and polymer injections into microchannel were maintained
at variable ﬂow rates using syringe pumps (Nexus 3000, Chemyx Inc.,
Staﬀord, TX). Two NdFeB permanent magnets were used to produce
the required magnetic ﬁelds for shape control and assembly of
droplets. Each magnet is 6.4 mm in width, 12.7 mm in length, and 5
mm in thickness. The magnetic ﬂux density at the center of the
magnets’ pole surface was measured to be 0.36 T by a Gauss meter
(model 5080, Sypris, Orlando, FL) and an axial probe with a 0.381
mm diameter of circular active area. The images of droplets were
recorded using a CCD camera (SPOT RT3, Diagnostic Instruments,
Inc., Sterling Heights, MI). A 120 W xenon lamp (X-cite 120Q,
Lumen Dynamics Inc., Ontario, Canada) served as a UV exposure
source. The desired wavelength of UV light for photopolymerization
was selected using a UV ﬁlter set (11000 v3, Chroma Technology
Corp., Rockingham, VT). Areas of polymerization were controlled via
a 20× objective and the built-in aperture of the inverted microscope.
8532

DOI: 10.1021/acs.langmuir.5b02097
Langmuir 2015, 31, 8531−8534

Letter

Langmuir

assembly of linear chains with tunable lengths oriented along
the magnetic ﬁeld H direction (y direction in Figure 1A). The
magnetic energy between droplets depends on the volume of
droplets, the susceptibility of the ferroﬂuids, and the strength of
the magnetic ﬁeld. In this study, the maximum magnetic energy
is estimated to be ∼5 × 10−10 J, much larger than the thermal
ﬂuctuation energy, kT, making the assembly of droplets in
ferroﬂuids extremely eﬃcient. Figure 3 depicts the droplets
chain formation with variable lengths in the chamber.
(3.3) Droplet Chain Photopolymerization. Nonspherical
droplets were photopolymerized in the chamber under
magnetic ﬁelds. Microscopic and SEM images in Figure 4
conﬁrmed that the particles were able to retain their shapes and
chains after solidiﬁcation.

(4). CONCLUSIONS AND OUTLOOK
We developed a novel method for the fabrication and
manipulation of polymer particles within a ferroﬂuid-based
droplet microﬂuidic device. The shape and assembly of polymer
particles could be controlled via the ﬂow rate and external
magnetic ﬁeld. In this study, the ellipsoidal shape and linear
chains of particles were demonstrated. Other types of shapes
and assemblies are possible with diﬀerent combinations of ﬂow
rates and magnetic ﬁeld patterns.

Figure 3. Chain formation of polymer droplets under the same
magnetic ﬁelds. (A) Length of chain, 2. (B) Length of chain, 5. (C)
Length of chain, 8. (D) Long chains forming at a higher polymer phase
ﬂow rate. Scale bars in A−D are 400 μm.

(3). RESULTS AND DISCUSSION
(3.1) Droplet Shape Control. When an external magnetic
ﬁeld gradient is applied, nonmagnetic droplets inside ferroﬂuids
experience both magnetic and hydrodynamic drag forces, Fm
and Fd. In the cases of diluted ferroﬂuids or an intense applied
magnetic ﬁeld, the magnetic buoyancy force on a nonmagnetic
droplet inside ferroﬂuids can be expressed as26 Fm = −Vμ0
(M·∇)H, where V is the volume of the droplet (∼50 μm in
diameter and ∼40 μm in thickness, disk shape) and μ0 is the
permeability of free space. M is the eﬀective magnetization of
the ferroﬂuid (∼5 × 103 A/m), and H is the applied magnetic
ﬁeld (∼4 × 105 A/m). The gradient of the magnetic ﬁeld is ∼2
× 107 A/m2. The presence of the minus sign in front of the
term indicates that the nonmagnetic particle immersed in
ferroﬂuids experiences a force in the direction of the weaker
magnetic ﬁeld. The estimated magnetic force on each droplet is
on the order of 10 nN, which is much larger than the viscous
drag force. This force can be used to stretch the spherical shape
of droplets into ellipsoids of diﬀerent sizes, as shown in Figure
2. Other shapes are also possible with diﬀerent designs of
magnetic ﬁeld patterns. Droplets of larger size experienced
more magnetic buoyancy forces than smaller ones. This
phenomenon can potentially be used to continuously separate
droplets inside a ferroﬂuid based on their sizes.27−30
(3.2) Droplet Assembly. Nonmagnetic droplets in the
chamber area immersed in ferroﬂuids behave like “magnetic
holes” and exhibit characteristics of magnetic dipoles. These
droplets experiences dipole−dipole interactions, leading to the
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