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Abstract
This paper reports the concept and the device for two-dimensional magnetic actuation of a
ferrofluid droplet. Four planar microcoils were etched on one side of a printed circuit board
(PCB). The magnetic field was digitally controlled by adjusting the magnitude and the polarity
of the driving current in the coils. A computer programme generates the control signals, which
are conditioned by an external amplifier circuit and transferred to the coils. The ferrofluid
droplet is attracted to the field maximum. With the controlled magnetic field, the location of
the field maximum can be changed electronically allowing the droplet to move in a closed loop
on the planar platform. The concept presented in this paper can have a variety of applications
in digital microfluidics such as sample transport or mixing.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, droplet-based microfluidic systems are capable of
performing a variety of tasks required in chemical, biological
and biomedical analysis. These systems carry out a number of
protocols that can be programmed and reconfigured [1]. These
droplet-based microfluidic devices benefit from a shorter
diffusion path and from cost reduction due to the smaller
amounts of sample and reagent required. Since the early
development of microfluidics, manipulating fluids in small
quantities is one of the important tasks for micro total
analysis systems [2, 3]. In conventional continuous flow
microfluidics, liquids are contained within microchannels
and manipulated by micropumps and microvalves to carry
out the required tasks. Microfluidic components such as
micromixers, micropumps and microvalves need sophisticated
microfabrication technologies [4] leading to the high cost of
development and fabrication. Droplet-based microfluidics
could offer better solutions for the same applications. Besides
the smaller sample size as mentioned above, the manipulation
of discrete droplets would not need a complex microchannel
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network and active components such as micropumps. Droplets
can be controlled and manipulated digitally on a planar
surface. A wide range of actuation schemes is available
for manipulating droplets such as electrostatics [5], surface
acoustic waves [6, 7], thermocapillarity [8] and magnetism
[9].

The benefit of using a magnetic field for actuation is
that the magnetic effect is generally not affected by surface
charges, pH level, ionic concentration or temperature [9].
For applications in life sciences, the interaction between the
biological samples and the actuation force is a major problem
[10], especially if thermocapillarity or electrostatic effect are
used. High temperature or strong electric field could destroy
biological samples. Magnetic actuation is a good alternative
in this case as it has minimum interaction with the samples.

In the past, a number of studies reported the use
of permanent magnets for magnetic actuation [11–13].
Permanent magnets provide a strong magnetic field, but its
magnitude and polarity are not controllable. Furthermore, the
integration of small permanent magnets into a microfluidic
device and the associated cost pose technological and
economical challenges. In contrast to a permanent magnet,
microcoils working as miniaturized electromagnets seem
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Figure 1. The device with four integrated microcoils for two-dimensional actuation of a ferrofluid droplet: (a) schematic concept; (b) PCB
design.

to be a more suitable option for droplet-based digital
microfluidics. The magnitude and polarity of the magnetic
field generated by microcoils can be electronically controlled.
The characteristics of the magnetic field are quite predictable
either by numerical [14] or analytical models [15]. A number
of research groups have used microcoils for manipulation
of magnetic particles. Lee et al used a microelectromagnet
matrix and a ring trap to position and control magnetic
micro/nanoparticles [16]. Ahn et al utilized integrated
inductive components for separation of magnetic microbeads
[17]. Melikhov et al used numerical simulation to analyze the
motion of a ferrofluid plug in a capillary [18]. Ramadan et al
discussed the use of the magnetic field from current carrying
wires for manipulating magnetic particles [19]. Lehmann
et al manipulated magnetic beads suspended in a droplet
using planar microcoils [10]. Lee et al fabricated a CMOS-
compatible integrated array of coils for manipulating cells
tagged with magnetic beads [20]. Rida et al transported
magnetic beads in a glass capillary over a long range using
planar coils [21].

In the past, magnetic microbeads suspended in a droplet
have been used for magnetic actuation [10]. Nguyen et al
explored the use of ferrofluids for this purpose [22].
Ferrofluids are a class of nanofluids with suspended magnetic
nanoparticles. Magnetic beads usually have a diameter in the
range of 250 nm–6 μm, while ferrofluids have particle size on
the order of a few to several tens of nanometers. The relatively
larger dimension of magnetic beads is a disadvantage, as it
can cause redistribution of beads in a droplet. In the worst-
case scenario, the droplet can be split into two parts, one with
and the other without magnetic beads [10]. The one without
the beads can no longer be manipulated by magnetic force.
In a ferrofluid droplet, the magnetic particles have smaller
size; thus, the random motion of the particles overcomes
the magnetic force and the distribution of the particles in
the droplet is not affected by the applied magnetic field.
Therefore, a ferrofluid seems to be more suitable for magnetic
actuation in droplet-based microfluidics. Recently, Nguyen
et al demonstrated one-dimensional actuation of a ferrofluid
droplet using a switching circuit [22, 23]. Beyzavi et al

provided a model describing this one-dimensional actuation
scheme [24]. Recently, a ferrofluid plug [25] and a droplet
containing magnetic beads [26] have been used for driving
deoxyribonucleic acid (DNA) samples on a two-dimensional
platform for the polymerase chain reaction (PCR). These
platforms require an external permanent magnet driven by
a motor. Integrated coils with corresponding control could
replace the bulky external driving system of these platforms.

This paper reports the concept and the implementation of
programmable two-dimensional (2D) actuation of a ferrofluid
droplet in a closed loop. The control signals come from
a personal computer with a multi-function card providing
digital to analog (D/A) conversion and digital input and output
(I/O). The signals are conditioned by an external amplifier and
switching circuit before being fed to the driving coils. Four
planar microcoils were fabricated on a printed circuit board
(PCB). These coils were used to manipulate a ferrofluid droplet
immersed in a well containing silicone oil.

2. Actuation mechanism and control scheme

Figure 1(a) shows the PCB-based device and its components
in detail. Four microcoils are etched on top of a double-
sided PCB. The wires connecting the coil centers to the
electrical terminals were etched on the backside of the PCB.
The masks for the microcoils and the connecting wires on the
back were printed on a polymer transparency at a resolution
of 8000 dpi. This soft mask is often used for prototyping
microfluidic devices based on soft lithography. The printed
circuit board was purchased off-the-shelf with a prefabricated
dry photoresist. After the exposure of both sides of the PCB
and the development of the photoresist, the coils and wires
were etched out of the copper layers using a ferric chloride
(FeCl3) solution. Figure 1(b) shows the front layout of the
fabricated PCB device with the microcoils and corresponding
electric terminals. The width of the copper line of the coils
was 100 μm. Each coil was designed with 11 windings. The
distance between the centers of two neighboring coils was
6 mm. The final copper wires of the coils had a cross section
of approximately 40 × 100 μm2.
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Figure 2. The measured magnetic flux normal to the coil plane and between the coil centers in the presence of permanent magnets. The
uniform magnetic flux of approximately 3 mT in the z direction contributed by the permanent magnets is included. The resultant field has
only one peak between two adjacent coils on the actuation path. The ferrofluid droplet is attracted to this peak. The line connecting the coil
centers shows the path along which the magnetic flux was measured: (a) between coil 1 and coil 2; (b) between coil 2 and coil 3;
(c) between coil 3 and coil 4; (d) between coil 4 and coil 1.

To contain the ferrofluid droplet and its surrounding
liquid, a reservoir was constructed around the coils. The
reservoir was made out of four poly(methyl methacrylate)
(PMMA) pieces glued together by adhesive. The reservoir
was filled with silicone oil (Sigma Aldrich, [Si(CH3)2O]n,
ρ = 960 kg m−3, ν = 50 cSt). Silicone oil plays two roles in
our application. First, the ferrofluid droplet can be suspended
in the oil and maintains a spherical shape due to the interfacial
tension between the two fluids. Second, the current passing
through the coil not only generates a magnetic field but also
heat. Since all the coils are in touch with the oil, the heat
generated can be absorbed and dissipated. Thus, the coils are
protected from burning and other temperature-related effects
in later experiments can be minimized. A 100 μm thin Teflon
sheet was placed over the coils to reduce friction and wetting.
Two permanent magnets (NdFeB) were placed on the sides of
the PCB to polarize the magnetic particles and to add an offset
to the the local magnetic field generated by the coils. With
this setup, a ferrofluid droplet suspended in silicone oil can
be moved by magnetic force in the area confined between the
centers of the coils.

In a magnetic field, magnetic particles are attracted to the
local maximum. The coils can generate a local magnetic field
that is controlled by an amplifier circuit and a PC. The location
of the local field peak can be positioned on the two-dimensional
platform in a controlled manner. Since the ferrofluid droplet
follows this peak, it can be manipulated in a 2D trajectory on
the planar platform. In order to move the droplet in a loop,
coils are activated in a sequence. In each sequence, only one
peak exists between two adjacent coils in the actuation path.
Figure 2 shows the measured field of each coil pair along the

closed loop. The relative displacement is counted from the
center of the first coil of the pair. The measured values include
the offsetting magnetic field of the permanent magnets. The
measurements were carried out with a commercial gauss meter
(GM05, Hirst Magnetic Instrument, UK). Figure 2 shows
the one absolute peak of the magnetic flux between the two
neighboring coils. This peak will attract the ferrofluid droplet
during the actuation process. Since this local maximum is
shifted from one coil to the other in a loop, the droplet can
follow the peak in a closed trajectory. If the actuation sequence
is repeated for several cycles, the droplet can make several
loops. Reversing the direction of the current in the coils can
change the direction of the trajectory.

The control scheme was implemented on a personal
computer (PC) as shown in figure 3(a). To generate the control
signals, a program was written in MATLAB (MathWorks
Inc., USA). This program accesses the multi-function card
(Advantech, PCI-1710) with D/A conversion and digital I/O
capabilities through the data acquisition toolbox of MATLAB.
Both analog and digital outputs can be controlled with this
program. Since the card outputs are voltage signals with low
current, they should be converted to current signals using a
voltage-to-current amplifier circuit. Figure 3(b) shows the
circuit used in our work. The voltage-to-current conversion
is based on a power operational amplifier (OPAMP) (LM675,
National Semiconductor, USA). Each input channel of the
amplifier circuit has two signals: the magnitude control and the
polarity control. The analog control from the D/A converter
is used for adjusting the magnitude of the driving current
in the coils. This input signal ranges from 0 to 5 V. The
corresponding current output can vary from 0 to 2 A. At a
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Figure 3. (a) Experimental setup for 2D actuation platform; (b) control circuit for the magnitude and polarity of the driving currents.
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typical driving current of 0.5 A, the current density in the
coil is approximately 125 A mm−2. The voltage-to-current

conversion can be calibrated using the 500 � potentiometer
depicted in figure 3(b). The polarity control signal from the
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Figure 5. One-dimensional actuation: (a) motion of a ferrofluid droplet between two coil centers in one actuation cycle; (b) the trajectory of
the droplet over several cycles; (c) the sequence of the driving currents; (d) the arrangement of the coils; (e) position of the droplet versus
time (T 1 = 5 s, T 2 = 15 s); (f ) velocity of the droplet versus time; (g) acceleration of the droplet versus time; (h) the relative distance from
the initial position versus time.

digital input/output (IO) was used for switching the direction
of the driving current. This polarity control signal is buffered
by transistor and fed to an electromagnetic relay (RY5W-K,
Fujitsu, Japan). When the relay is activated, the direction
of the current in the coil connected to the relay is inverted.
The heat generated in the power OPAMP and shunt resistors
causes fluctuations in the current output. To minimize this
problem, the OPAMPs are connected to a heat sink. Two
fans were mounted over the circuit box for forced cooling.

Figure 4(a) shows the control sequences and the
configuration of the actuating coils to move the ferrofluid
droplet in a loop. The circuit was designed with four output
channels for the possible control of the four individual coils.
However, in the experiments reported in this paper only two
channels were used. The opposite coils were connected in
series as a pair by linking their centers. With this scheme only
two output channels are needed. Furthermore, the discrepancy
in the magnitude of the driving currents in different coils can

be minimized. At any given time, the currents passing through
two neighboring coils always have opposite signs. Thus, with
the magnetic field generated, a droplet can move from the
center of one coil to the center of another coil as illustrated in
figure 4(b).

3. Experimental setup and results

Figure 3(a) shows the experimental setup used for actuating
and recording the motion of the droplet. The motion was
recorded by a CCD camera with a resolution of 640 ×
480 pixels. The camera can be triggered by the same control
circuit and thus synchronized with the droplet motion. The
frame rate of the camera is adjusted according to the velocity
of the droplet. The time lapse between two image frames
is known and can be used for calculating the velocity and
acceleration of the droplet. After capturing and recording,
the images were processed by a MATLAB program using
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Figure 6. Ferrofluid droplet and its trajectory under
two-dimensional actuation. The droplet is tracked every 2 s.
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Figure 7. Two-dimensional actuation: (a) motion of a ferrofluid droplet in a loop formed by four coil centers; (b) the trajectory of the
droplet over several cycles; (c) position of the droplet versus time; (d) velocity of the droplet versus time; (e) the relative distance from the
initial position versus time.

the image processing tool box. Each image frame was first
converted into a binary image to identify the ferrofluid droplet.
The position of the centroid of the droplet was subsequently
detected in every frame. The trajectories of the motion were
obtained by following the centroid positions over the recorded
frames. The displacement and the corresponding velocity
as functions of time were subsequently calculated from the
positions and the known time lapse between two frames.
The ferrofluid APG S10n (Ferrotec, http://www.ferrotec.com,
USA) was used in our experiments. The carrier liquid of
this ferrofluid is synthetic ester oil. The viscosity and the
density of the ferrofluid at 25 ◦C are ηff = 0.406 kg ms−1

and ρff = 1, 330 kg m−3, respectively. The surface tension
of the fluid is σff = 32 × 10− N m−1. The ferrofluid has a
saturation magnetization of 44 mT and an initial susceptibility
of χ = 1.6. For all experiments, a ferrofluid droplet with a
diameter of approximately 1 mm was dispensed manually on
the platform using a syringe with attached needle. Due to the
relatively slow motion of the droplet and the limited image
buffer, the images were recorded at a rate of one frame per
second.

To verify the actuation concept, the motion between two
neighboring coils was first characterized. Figures 5(a) and (b)
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show the trajectory of the droplet motion between two adjacent
coil centers in one cycle and over several cycles, respectively.
Since the coil design is not symmetric and the other coils
on the platform are also activated, the trajectory is curved
toward the center of the platform. The driving schemes and
the corresponding coil pairs are shown in figures 5(c) and (d),
respectively. The droplet can reverse its direction with the
change in polarity of the driving current. Since the analog
output is unipolar, switching the polarity of the current was
achieved with a digital output and an electromagnetic relay as
described above.

Figures 5(e)–(h) show the position, the velocity, the
acceleration and the relative traveling distance as functions of
time evaluated from the recorded images. Figure 5(e) shows
the droplet position (x, y coordinates) over time. For the
convenience of evaluation, the starting point of the droplet is
taken as the origin of the coordinate system. To distinguish the
direction corresponding to a current polarity, one period was
kept longer than the other (T 2 = 15 s, T 1 = 5 s). Thus, the
droplet takes longer time for the upward period (figure 5(d))
and is trapped at the center of the lower coil 2 before moving
back. The corresponding velocity of the droplet is shown in
figure 5(f ). Positive velocity means upward motion, while
negative velocity indicates downward motion. The results
shown in figure 5(f ) are consistent with our previous data
from one-dimensional actuation of a ferrofluid droplet [24].
The acceleration at the start and the deceleration at the end
of each period can be seen in figure 5(g). Figure 5(h)
shows the relative distance of the droplet from the initial
position next to the center of coil 3 (figure 5(d)). This relative
distance was evaluated as

√
x2 + y2, where x and y are the

positions depicted in figure 5(e). When the droplet reaches
the center of coil 2, the relative traveling distance has its
maximum. With the successful actuation of the ferrofluid
droplet between two neighboring coils, the actuation scheme
was extended to a closed loop across all four coils. Figure 6
shows the captured images of the ferrofluid droplet at the four
coil centers and its corresponding trajectories. The images in
figure 6 were realized with a customized MATLAB routine,
that tracks the droplet, traces and superimposes its outline
on the final image frame. Figure 7(a) shows the droplet
motion in a full loop between four coil centers. Figure 7(b)
depicts the trajectory of several subsequent loops. Since the
droplet cannot reach its initial position after each loop, the
droplet spirals toward the center of the platform. The problem
may be caused by the instability of the driving current and
by thermocapillarity induced by the heat generated from the
coils. This problem can be solved by using a closed-loop
control mechanism, where the position of the droplet recorded
with the camera is fed back to the control signal to correct
the control signal. A real-time control system would require a
fast camera and the coupling between the different toolboxes
of MATLAB such as image processing, data acquisition and
control. Figure 7(c) depicts the position of the droplet
as a function of time evaluated from the recorded images.
Figures 7(d) and (e) show the velocity and the relative distance
from the initial position of the droplet, respectively.

4. Conclusions

This paper demonstrates two-dimensional, programmable
actuation of a ferrofluid droplet in a closed loop on a planar
platform. The actuation concept manipulates the position
of the peak of the local magnetic field on the platform. A
magnetic object such as the ferrofluid droplet is attracted to
the field maximum. If the position of the field maximum is
changed, the droplet follows the field peak and therefore can
be moved on a desired path. The reported device consists
of four planar microcoils fabricated on a PCB using photo
lithography and etching. In every time step, two local field
maxima were created by combining the local magnetic fields
of the neighboring microcoils with the global field of external
permanent magnets. The droplet is attracted to the nearest
peak of the magnetic field and can be actuated. With the help
of a control system consisting of a PC, a multi-function card
and an amplifier circuit, this local maximum can be rotated in
a closed loop. Consequently, the ferrofluid droplet is dragged
along this loop. The device presented in this paper shows the
proof of concept for two-dimensional programmable magnetic
actuation which finds applications in a variety of lab on a chip
platforms. In these applications, the droplet can be loaded
with chemical as well as biological samples and works as a
container and a reactor.
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