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a  b  s  t  r  a  c  t

This  paper  describes  a  new  type  of magnetic  droplet  microfluidic  system  incorporated  with  acoustic  exci-
tation  for the  enhancement  of mixing  performance.  The  oscillation  amplitudes  of  acoustically  oscillating
droplets  with  different  volumes  (6  �l and  8 �l) in  different  frequencies  are  measured  by  high-speed
images.  When  a droplet  is acoustically  excited,  it only  strongly  responds  to  the  droplet’s  natural  fre-
quency.  Internal  flow inside  an  acoustically  oscillating  droplet  is  visualized  using fluorescent  particles
(15  �m  diameter).  Mixing  performance  is  investigated  using  a methylene  blue  and  glycerol  (5  wt%)  mix-
ture  droplet.  The  mixture  droplet  (6 �l) is completely  mixed  within  60 s  with  acoustic  excitation;  whereas,
the  mixture  droplet  remains  unmixed  without  the excitation.  The  mixing  efficiency  is quantitatively
evaluated  through  mixing  indexes  obtained  by  image  analysis.  The  transportation  of a  magnetic  droplet
(6  �l) containing  magnetic  particles  (500 nm  dia.) is separately  demonstrated  using a neodymium  mag-
net  beneath  a chip. The  maximum  manipulation  speeds  of magnetic  droplets  (approximately  25 mm/s
for  6 �l  droplet  and  20  mm/s  for 8 �l droplet)  are  measured  by  the  magnetic  droplet  rotation  test.  As
proof  of  concept,  the  manipulation  of  four  magnetic  droplets  with  two  different  volumes  (3  �l and  4  �l)
and  colors  (red  and  blue)  is  experimentally  achieved  by incorporating  magnetic  actuation  for  the  trans-
portation  of  droplets  and  acoustic  excitation  for the  oscillation  of droplets.  This  result  shows  the  highly
reliable  manipulation  of  magnetic  droplets  with  high  mixing  performance.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Micro total analysis systems (�TAS) based on microfluidic
technology have greatly impacted on chemical and biomedical
applications [1–4]. �TAS consist of tiny channels, pumps, and
sensors, and provide fast and reliable measurements of biochem-
ical samples through various microfluidic operations [5–7]. These
include pumping, transporting, mixing, and separating, of which
mixing is especially important [8]. It is inevitable for multiple
microfluidic processes such as sample dilution and chemical reac-
tion, but is also a time-consuming process. As the size of a fluidic
system decreases, the Reynolds number, the ratio of inertia forces to
viscous forces, linearly decreases, while the viscous force becomes
more dominant [9,10]. As a result, the mixing process in microflu-
idic systems relies primarily on slow diffusion without turbulence.

A variety of microfluidic techniques have been developed to
improve the speed and efficiency of fluid mixing in microfluidic
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systems [11,12]. The developed mixing techniques can be charac-
terized as passive and active depending on the existence of external
disturbances [13,14]. Passive mixing techniques do not require
external actuators and energy sources [15,16]. The Whitesides
research group demonstrated passive chaotic mixing in microchan-
nels with staggered herringbone surface patterns to increase the
interfacial area between fluids [17]. On the other hand, active
mixing techniques require external actuators and energy sources
for the enhancement of fluid mixing. Various types of actuators
and energy sources, such as acoustics [18], pressure [19], ther-
mal  actuation [20], electrohydrodynamics [21], dielectrophoretics
[8], electrokinetics [22,23], and magneto-hydrodynamics [24] have
been applied to the active mixing techniques. Active mixing tech-
niques typically provide higher mixing efficiency than the passive
techniques.

More recently, interest has emerged in droplet microfluidic sys-
tems based on the manipulation of discrete tiny droplets on an open
surface [25,26]. These systems do not require complex microfab-
ricated three-dimensional (3D) channel structures, but offer fast
sample reaction times, lower sample consumption, and higher sys-
tem flexibility than the continuous-flow systems [27–29]. Several
mixing methods for the droplet microfluidic systems have been
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Fig. 1. Schematic diagram of a proposed magnetic droplet manipulation system actuated by magnetic actuation and acoustic excitation: (a) top view; (b) side view.

developed by using different actuation schemes. Some research
groups have utilized an electrowetting-on-dielectric (EWOD) prin-
ciple, which controls wettability of a droplet on a solid substrate
using an applied electric field [30–32], for the enhancement of
mixing droplets based on two different approaches: stationary
droplet oscillation using alternating current (AC)-EWOD actuation
[33–35] and sequential droplet transportation using the array of
patterned EWOD electrodes [7,36]. On the other hand, others have
applied a surface acoustic wave (SAW) method using a piezoelectric
substrate upon which a droplet is placed to oscillate and simulta-
neously mix  the droplet [37–39]. Magnetic actuation has been also
used for the droplet mixing enhancement using magnetic nanopar-
ticles or microstructures with an applied magnetic field [40–42].

This paper presents a new type of magnetic droplet manipu-
lation method incorporated with acoustic excitation, which will
allow not only the enhancement of mixing performance, but also
remote and selective droplet oscillation. Wang research group has
developed magnetically driven droplet microfluidic systems where
liquid droplets containing magnetic particles are manipulated by
permanent magnets or electromagnets for fundamental microflu-
idic operations on a single chip [42–44]. Most of the magnetic

droplet manipulation systems have frequently used the transporta-
tion of droplets for mixing of constituents in the droplets.

In contrast to the previous magnetically driven droplet systems,
our proposed system firstly applies remote acoustic excitation to
improve the droplet mixing performance. This system provides
selective droplet oscillation based on the droplet properties such as
size, density, and surface tension, increasing the efficiency of diag-
nostic systems. The schematic diagram of the proposed magnetic
droplet manipulation system is shown in Fig. 1. For the manip-
ulation of chemical droplets containing biocompatible magnetic
particles, two  different actuation schemes are applied: magnetic
actuation using neodymium magnets for droplet transportations,
and acoustic excitation using a woofer for droplet oscillation. Two
different chemical droplets, each actuated by magnet beneath a
chip, are transported to the central region and merged, as shown
in Fig. 1(a1–a2, b1–b2). When the merged droplet is acoustically
excited by a woofer at its natural frequency, it oscillates and simul-
taneously induces internal flow, improving the chemical mixing
in the merged droplet, as shown in Fig. 1(a3, b3–b4). A prelimi-
nary report on this work was presented at the 18th International

Fig. 2. Experimental setup.
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