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ABSTRACT The ability to manipulate magnetic particles selectively and simultaneously (within a group
of such particles) has significant implications in studying cellular behaviors and in manipulating micro-
structures at an ensemble-level. The current magnetic manipulation techniques have been demonstrated to
be effective for studying cell mechanics. However, they suffer from low throughput, as only one particle is
addressed in an individual experiment. This renders them unsuitable for ensemble-level operations. In this
paper, we present a magnetic manipulation system that enables (effectively) simultaneous yet localized
manipulation of magnetic particles. The proposed system is equipped with a novel device, which realizes
magnetic force localization. The properly localized force allows selective manipulation of a single magnetic
particle in a group. The localization effects of this device are demonstrated and quantified through analytical
modeling and simulations that yielded statistically meaningful results. With the characterized device,
experiments were carried out to evaluate the effectiveness of the proposed system.

INDEX TERMS Localized magnetic force, localized manipulation, magnetic actuation.

I. INTRODUCTION
Manipulation of magnetic particles has been demonstrated
to be an effective technique for investigating the mechanical
behaviour of biological systems. It is applied in a wide range
of studies, including the measurement of the elasticity of
biopolymers, and the targeted delivery of genetic material
to cells for treatment [1]–[3]. This magnetic technique is
based on non-invasive manipulation of magnetic particles,
where particles are typically attached to or embedded in
an entity, and forces are induced by imposing a magnetic
field gradient. For instance, in single cell analysis, a mag-
netic field is directed at a single or group of magnetic
particles attached to a tethered cell to study its mechan-
ical response to the applied forces [4], [5]. Compared to
other methods (such as optical tweezers [6] and atomic force
microscopy [7]), magnetic manipulation offers the advantage
in terms of (i) low power requirements, (ii) reconfigurable
forces and torques, (iii) absence of sample photodam-
age, and (iv) high force gradients over relatively larger
distance.

The ability to precisely manipulate a single magnetic
particle (within a group of such particles) has potential
applications in studying cellular and molecular behaviors
at an ensemble-level (where significant events of cell-cell
and cell-environment interactions occur) and in enabling
more sophisticated ways of manipulating cells, biomolecules,
micro-robots, and other micro-structures. One possible appli-
cation is in the mechanical manipulation of extracellular
matrix (ECM) stiffness for the investigation of cell-matrix
mechanical interactions [8]–[11]. This involves embedding
magnetic particles in the ECM through bioconjugation (with
the particles firmly attached to the collagen fibers in the
ECM), and then employing a localized magnetic force to
anchor the particles (individually) in their nominal positions
while they are subjected to possible cellular forces. This
form of anchoring of the particles impedes the movements
of the collagen fibres, thus possibly results in a change of
apparent stiffness of the ECM as sensed by the cells. Such
an ECM stiffness manipulation could provide insight as to
how cells process cues from their surrounding environment
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and could also offer new opportunities to tailor a cell’s local
microenvironment in a biologically relevant fashion.

The key to selectively manipulating a single magnetic par-
ticle in an ensemble lies in the localization of the magnetic
force. The extent of this localization gives rise to the issue
of proximity interference, where the magnetic field gradient
intended for a specific particle may exert a force on another
particle nearby, hence causing it to dislocate from its pre-
scribed location. A properly localized magnetic force may
offer a viable solution for addressing this issue.

FIGURE 1. (a) Schematic illustration of the soft magnetic core. (b) Conical
component of the core. The shaded areas represent the elementary
magnetic dipole.

For this case, the magnetic field generator plays a crucial
role in enabling the device to selectively control a targeted
particle in a group. This has led to the development of a
miniaturized electromagnetic needle (EMN) [12], [13]. The
EMN consists of an electromagnetic coil wrapped around
a soft magnetic core. The core is made of high magnetic
permeability/saturation material to produce a large mag-
netic field gradient. The design of the core (as illustrated
in Fig. 1(a)) is represented by an axially symmetrical cylindri-
cal shank (i.e. Cyl, shaded in red) with a protruding conical
tip (i.e. Ce, shaded in grey). The tip geometry is designed
to concentrate the emanated magnetic flux. However, sev-
eral technical challenges remain in the application of the
miniaturized EMN. First, the size of the micro-scale EMN
inherently limits the magnitude of the generated field gra-
dient and consequently, the magnetic force induced on the
particle is weak. Second, the fabrication of the micro-scale
EMN may be challenging due to its size and complex three-
dimensional (3D) geometry. The fabrication of the 3D micro-
scale electromagnetic coil involves complicated procedures
such as repeated lithography, thick photoresist processing,
and electroplating [14]–[16]. As for the protruding magnetic
core, harsh chemicals and etching conditions are required to
remove the substrate underneath, which may cause material
incompatibility.

In this paper, the objective is to develop an engineering
solution that enables (effectively) simultaneous yet localized
manipulation of magnetic particles in an ensemble. The scope
of this work is twofold.

FIGURE 2. Schematic diagram of the EMNC. Parameter d is the distance
between the tips of the EMN and the flux collector. Parameter θu is the
angle of inclination (with respect to the horizontal axis), and the
subscripts u = 1 and u = 2 refer to the EMN and collector, respectively.

First, we proposed a novel magnetic device (as illustrated
in Fig. 2) that uses an EMN and a flux collector strategically
positioned relative to each other to realize magnetic field (and
force) localization. This flux collector is identical to the soft
magnetic core of the EMN and it operates as a magnetic
field sink. The collector provides a path for the magnetic
field emanating from the EMN tip, therefore reducing its
distribution and concentrating the field in the region between
the EMN and collector tips. We refer to this device as the
EMN-collector assembly (i.e. EMNC). Next, the analytical
modelling of the induced magnetic field (and force) by the
EMNC assembly is established. We then performed simu-
lations with the devised models to evaluate the localization
effects of the EMNC assembly (in terms of magnetic field
and force) under different configurations.

Second, we developed a magnetic manipulation system
equipped with the characterized EMNC assembly to real-
ize the proposed approach of (effectively) simultaneous yet
selective manipulation of magnetic particles in a group. A set
of experiments were conducted with the developed system to
demonstrate its effectiveness.

The remainder of this paper is organized as follows.
Section II describes and validates the analytical models of
the EMNC assembly for determining the magnetic field and
force. Section III evaluates the localization effects of the
magnetic field and force under different EMNC configura-
tions. Section IV presents the magnetic manipulation system
for selectively manipulating multiple magnetic particles and
its experimental results. Section V concludes the paper and
recommends possible further improvements.

II. MAGNETIC INDUCTION MODELLING
A. MAGNETIC FIELD MODELLING
We based the analytical model for calculating the magnetic
field Bec produced by an EMNC assembly on a system of
magnetic dipoles [17], [18]. One superimposes the magnetic
fields produced by (i) the EMN and (ii) the flux collector to
obtain the resultant magnetic flux density Bec at any given
point in the workspace P (i.e., any point outside the EMNC),
with the coordinates (x, y, z), which can be expressed by the
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vector Bec(P) ∈ R3×1, i.e.,

Bec(P) =
2∑

u=1

Bu(P) (1)

where B1(P) and B2(P) refer to the magnetic fields of the
EMN and the flux collector, respectively (i.e. the subscripts
u = 1 and u = 2 refer to the EMN and collector, respec-
tively). It has to be noted that the magnetic field B can also
be described by H in units ampere per meter with B = µ0H,
where µ0 = 4π × 10−7Tm/A is the magnetic constant.
The magnetic field Bu at P can be determined by consid-

ering the magnetic core as a set of magnetic dipoles. These
dipoles generate a set of individual magnetic scalar potentials
which, when superimposed, yield the total magnetic scalar
potential φut (x, y, z) ∈ R produced by the device u. Then we
have the associated magnetic field at P, i.e.,

Bu(P) = µ0Hu(P)

= −µ0∇φut

= −µ0

[
∂φut

∂x
,
∂φut

∂y
,
∂φut

∂z

]T
. (2)

An elementary magnetic dipole with a volume of dV ′ and a
magnetizationM ∈ R3×1 has a magnetic moment dm, i.e.,

dm =MdV ′ (3)

which creates an elementary magnetic scalar potential dφ at
P that can be expressed as

dφ =
1
4π

r·dm
r3
=

1
4π

r·M
r3

dV ′ (4)

where r = rp−r′ is the relative position vector, which points
from the elementary dipole to the point P and r = ‖r‖2
(i.e. l2− norm of r) is the distance between the elementary
dipole and P.

The magnetic core of the device u is represented by two
parts, namely, (i) Ceu, and (ii) Cylu. The geometry of the
magnetic core dictates that the dominant component of the
core magnetization to align and vary along its longitudinal
axis (i.e. z′u-axis). Therefore,Mu can be expressed as,

Mu =
[
Mux ,Muy ,Muz

]T
≈
[
0, 0,Muz (z

′
u)
]T (5)

The total magnetic scalar potential of device u, φut is
determined by partitioning Ceu to N numbers of dipoles
along the zCe

′

u -axis (i.e. z′u-axis of Ceu). This is real-
ized by dividing the interval [0,LCeu ] into sub-intervals of
{[zCe

′

u0 , z
Ce′
u1 ], [zCe

′

u1 , z
Ce′
u2 ], . . . , [zCe

′

uN−1 , z
Ce′
uN ]}, with each dipole

spanning a sub-interval [zCe
′

ui−1 , z
Ce′
ui ]. Each Ceu dipole is mod-

elled as a circular disk of thickness dzCe
′

ui and has a volume of
dVCe′

ui with a magnetization MCe′
uzi

, as illustrated in Fig. 1(b).
As the scalar potentials decay rapidly with 1/(rui )

3, the con-
tributions of Cylu to φut are assumed to be negligible. The
φut at P is then approximated by the summation of the scalar

potential of everyCeu dipole (i.e. φCeui ) over the length of Ceu
(for the details of φCeui , refer to Appendix A), that is,

φut (x, y, z) =
N∑
i=1

φCeui (x, y, z) (6)

By substituting (6) into (2), the magnetic field Bu at point P
can be evaluated.

Themagnetic fieldBu is dependent on themagnetization of
the Ceu dipoles. For the case of EMN (i.e. u = 1), theMCe′

1zi
is

dependent on the current passing through the electromagnetic

coil wrapping around the Cyl1. This implies that MCe′
1zi

is a

function of the magnetic field strength HsCyl1 (z
Ce′
1i

), which
is the summation of the field contributions by the coil and
the magnetized Cyl1 (for the details of HsCyl1 (z

Ce′
1i

), refer to
Appendix B). As for the case of flux collector (i.e. u = 2),
the MCe′

2zi
is induced by the EMN. In consequence, MCe′

2zi
is a

function of the magnetic field strength H1(zCe
′

2i
), and owing

to the geometry of the conical-shaped tip, the magnetic flux
is concentrated. For that reason, the field strength H1(zCe

′

2i
)

is amplified along the length of Ce2, and the relationship is
governed by

H1(zCe
′

2i ) ∝
1

ACe(zCe
′

2i
)/ACe(zCe

′

2N
)

(7)

where ACe(zCe
′

2i
) is the cross sectional area of Ce2 at zCe

′

2i
.

The values of MCe′
uzi

can be evaluated from the magnetiza-
tion curve of the core material. The curve can be approxi-
mately defined by the Langevin function,

MCe′
uzi

(Hk ) = Msat (coth(aHk )−
1
aHk

) (8)

where

Hk =

{
HsCyl1 (z

Ce′
1i

), if MCe′
uzi
= MCe′

1zi
H1(zCe

′

2i
), if MCe′

uzi
= MCe′

2zi

The Msat term is the saturated magnetization of the material
and factor a is related to the other physical properties [19].
A global coordinate system is used, the origin of which is

located at the centre of the workspace (as shown in Fig. 2).
The coordinates of the workspace are transformed to the local
coordinate system of each individual device u (i.e. the EMN
and the flux collector, respectively), with the origin located at
the tip of the device. Next, the components of the magnetic
field due to each device u are then calculated. Subsequently,
the components of the magnetic field are transformed back to
the global coordinate system, where they were superimposed
to obtain the global magnetic field Bec(P).

B. EXPERIMENTAL VALIDATION OF MAGNETIC FIELD
1) EXPERIMENT SETTING
To investigate the validity of the magnetic field model,
we positioned an EMNC in the configuration, as illustrated
in Fig. 2. This configuration serves to establish a common
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TABLE 1. Configurations of the EMNC for model validation.

FIGURE 3. Magnetization curve of the soft magnetic core. Data points are
acquired with the vibrating sample magnetometer.

basis for comparing the results from the model and the exper-
iments. The fabricated EMN has a magnetic core of 69 mm
cylindrical length (with a radius of 6.35 mm) and a conical
height of 21 mm terminating with a tip radius of 33.25 µm.
The core is made of a soft magnetic material (i.e. hys-
teretic effects are negligible) with a magnetization curve as
reported in Fig. 3. This curve is experimentally obtained
using a vibrating sample magnetometer (Model 7407, Lake
Shore Cryotronics, Inc., Westerville, OH). The flux collector
is fabricated to be identical to the core of the EMN. The
EMN and the collector are then assembled with a custom-
designed aluminium holder, which provides mechanical sup-
port without interfering with the emanated magnetic fields.
Furthermore, this holder also acts as an excellent heat sink
since aluminium has a high thermal conductivity and this
allows rapid dissipation of any possible heat generated by the
EMNC.

The magnetic field of the EMNC is characterized using a
gauss meter equipped with a hall sensor probe (Model GM07,
Hirst Magnetic Instruments Ltd, Cornwall, UK). The probe
measures the magnetic field lines that are perpendicularly
passing through its sensing element. The EMNC assembly is
mounted on a three-axis motor-driven positioning stage, with
a travel range of 100mm in all directions and a step resolution
of 2 µm. The stage is used to precisely control the relative
distance between the EMNC tips and the hall sensor probe.

2) EXPERIMENT PROCEDURE
Three sets of experiments were conducted to characterize the
magnetic field components of Becx (y), Becy (x), and Becz (z).

The specific configurations of the EMNC for the experi-
ments are listed in Table 1. The hall sensor probe is placed
away from the EMNC tips to prevent possible collision dam-
age. The magnetic field components were measured at a
regular interval of 0.1 mm. For the magnetic field Becz (z),
the EMNC is shifted along the z− axis (away from the station-
ary probe) from 0.2 mm to 2 mm. Similarly, for the magnetic
fields Becx (y) and Becy (x), the EMNC is displaced along the
y− and x− axis from −1.5 mm to 1.5 mm, respectively.

3) EXPERIMENTAL RESULTS
The experimental data was quantitatively compared with the
computed values from the magnetic field model. It is found
that there were discrepancies between the measured and
calculated results. However, by introducing a multiplicative
scaling function of cuI vu (where I is the input current of the
EMN, and cu and vu are the fitted parameters, the subscripts
u = 1 and u = 2 refer to the EMN and flux collector,
respectively) to the magnetic fields B1 and B2 separately,
we are able to achieve a good agreement between the two
results. When we compare the values of the magnetic fields
predicted by the model to those measured experimentally,
we find the R-squared and the rootmean square error (RMSE)
to provide indicators of how close the values are to each
other. A comparison between the computed (with c1 = 0.55,
v1 = 0.6, c2 = 0.29 and v2 = 0.51) and the measured results
is shown in Fig. 4, and the specific RMSE values are provided
in Table 1.

C. MAGNETIC FORCE MODELLING
The position and orientation of a soft-magnetic particle can
be controlled by the applied magnetic force and torque. With
the soft-magnetic materials (where hysteretic effects are neg-
ligible), the magnetization of the particle is dependent on
the applied magnetic field. In the context of manipulating a
soft-magnetic spherical particle, no magnetic torque will be
generated on the particle [20]. The reason is that there is no
shape anisotropy, and the magnetization vector will always
align itself with the induced magnetic field.

For the translational manipulation, the force that a mag-
netic field gradient applies to a spherical micron-sized soft-
magnetic particle with a magnetic moment of mp ∈ R3×1 is
described by

Fp = (mp · ∇)Bec (9)

Since there is no electric current flowing through the region
occupied by the particle, theMaxwell’s equations provide the
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FIGURE 4. Comparison of the calculated and experimentally evaluated
magnetic fields. (a) Magnetic fields Becx (y ) and Becy (x). (b) Magnetic
fields Becz (z). Data points are measurements with the hall probe. Solid
lines are computed values from the analytical model.

constraint ∇ ×Bec = 0 [21], and this allows us to rewrite (9)
as

Fp =



∂Becx
∂x

∂Becy
∂x

∂Becz
∂x

∂Becx
∂y

∂Becy
∂y

∂Becz
∂y

∂Becx
∂z

∂Becy
∂z

∂Becz
∂z


vpMpx

vpMpy

vpMpz

 (10)

where vp is the volume of the particle andMp is the magneti-
zation of the particle. The values ofMp can be evaluated from
the magnetization curve of the particle.

III. LOCALIZATION EFFECTS OF EMNC
To understand the localization effects of the EMNC assem-
bly on the magnetic field and force, simulations were per-
formed using the analytical models derived in Section II.
We parameterized the distance between the tips of the EMN
and the flux collector (d), and the angle of inclination (θu,
with the subscripts u = 1 and u = 2 refer to the EMN
and collector, respectively). Then, the localization effects are
systematically evaluated by changing the parameters inde-
pendently. The localization effects are assessed by identifying

a localized area (i.e. half-power region), within which the
magnitude of the induced magnetic field (or force) is greater
than 70.7% of the maximum value [22]. To evaluate the pro-
posed device, the localization effects of those without the flux
collector (i.e. only the EMN) are compared with the EMNC
assembly. This works by utilizing the threshold value that was
used to determine the localized area of the EMN to evaluate
the localization effects of the corresponding EMNC configu-
rations (with the same parameter θ1 and input current).
For the simulations, we have chosen an EMNC assem-

bly with the specifications as reported in Section II-B, and
due to the physical characteristics of the EMNC, there is
only sufficient space to accommodate a θu that ranges from
40◦ to 60◦. The localization effects were evaluated within a
10 by 10 mm2 planar area and at a z = −0.1 mm plane of
the workspace. In the simulations, the EMN is simulated with
an input current of 0.1 A, and the parameters were varied
(over the following ranges: d = 0.1 mm to 1.7 mm, and
θu = 40◦ to 60◦) in the four scenarios below to investigate
the effects of the parameters on magnetic field and force
localization:
(1) the distance between the EMNC tips (i.e. varying d with

θ1 = θ2 fixed at 60◦);
(2) the angles of inclination for both the EMN and flux

collector (i.e. varying θ1 = θ2 with d fixed at 0.1 mm);
(3) the angle of inclination for the EMN (i.e. varying θ1 with

d and θ2 fixed at 0.1 mm and 60◦, respectively);
(4) the angle of inclination for the flux collector (i.e. vary-

ing θ2 with d and θ1 fixed at = 0.1 mm and 60◦,
respectively).

The simulations were facilitated with MATLAB and were
performed iteratively.

A. MAGNETIC FIELD LOCALIZATION
Fig. 5(a) depicts the localized area of the l2− norm of the
magnetic field, which is outlined by a black color bound-
ary. The detailed simulation results of the magnetic field
localization are reported in Fig. 6. The simulations revealed
that as the parameter d reduces, a clear improvement of the
field localization with the collector is shown in Fig. 6(a).
Specifically, for d = 0.1 mm, it is found that the local-
ized area of the EMNC is drastically reduced by 78.86%
compared to the EMN. With regard to the parameters θ1=2
(i.e. θ1 = θ2), the simulation results are depicted in Fig. 6(b).
The results show that as θ1=2 increases, the localized area of
the EMNC reduces, and with θ1=2 = 60◦, the localized area
of the EMNC is 4.73 times smaller than the EMN. However,
if θ1=2 < 41◦, the effect of the collector in localizing the
magnetic field diminishes. Fig. 6(c) and Fig. 6(d) depict
the respective simulation results of θ1 and θ2 on the mag-
netic field localization. Both parameters θ1 and θ2 exhibited
a monotonic decrease in the localized field area (i.e. the
localization effects of the EMNC becomes more prominent)
with increased parameter value. These results suggest that the
localized field area could be controlled by either configuring
the EMN or the collector individually.
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FIGURE 5. Localized area of an EMNC assembly with the parameters d = 0.1 mm and θ1=2 = 60◦ (outlined with a black color boundary): (a) l2− norm of
magnetic field, and (b) l2− norm of magnetic force. (c) Two-dimensional vector field of the magnetic force (with the zero force point marked by the red
color circle).

FIGURE 6. Magnetic field localization. Output of the simulations with the magnetic field model: (a) parameter d was varied from
0.1 mm to 1.7 mm with θ1=2 fixed at 60◦, (b) parameters θ1=2 was varied from 40◦ to 60◦ with d fixed at 0.1 mm, (c) parameter θ1 was varied from
40◦ to 60◦ with d and θ2 fixed at 0.1 mm and 60◦, respectively, and (d) parameter θ2 was varied from 40◦ to 60◦ with d and θ1 fixed at 0.1 mm
and 60◦, respectively. (e) The optimal configuration of EMNC with d = 0.1 mm and θ1=2 = 60◦, and the input current was varied from 0.1 A to 3 A.

B. MAGNETIC FORCE LOCALIZATION
For the study of the localization effects on the magnetic force,
the simulated forces are applied on paramagnetic particles
with a diameter of 100µm. The magnetization curve of the
paramagnetic particle is reported in Fig. 7. This curve can be
approximately described by the Sum of Sinesmodel with four
terms in the series,

M =
4∑

w=1

aw sin(bwH + cw) (11)

where aw, bw and cw are fitted parameters. The fitted curve
is depicted in Fig. 7, which has a R-squared of 0.999 and a
RMSE of 0.0092.

Fig. 5(b) depicts the localized area of the l2− norm
of the magnetic force, which is outlined by a black
color boundary. The two-dimensional force vector field is
presented in Fig. 5(c), it is revealed that the magnetic forces
would direct particles in the x−y plane to the zero force point
(which is marked by the red color circle). A magnetic particle
that is at the zero force point would reach an equilibrium
in the x − y plane. The detailed simulation results of the
magnetic force localization are reported in Fig. 8 and it was
observed to have similar trends to the results of magnetic
field localization. The simulation results depicted in Fig. 8(a)
indicate that as the parameter d decreases, the effectiveness
of the collector in localizing the magnetic force is more
apparent, and with d = 0.1 mm, the localized area of EMNC
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FIGURE 7. Magnetization curve of the paramagnetic particle with a
diameter of 100µm. Data points are acquired with the vibrating sample
magnetometer.

is minimized to a size of 2.83 times smaller than the EMN.
As for the parameter θ1=2, the simulation results in Fig. 8(b)
revealed that a larger θ1=2 corresponds to a smaller localized
area of EMNC. Specifically, with θ1=2 = 60◦, the localized
area of EMNC is greatly reduced by 64.64% compared to the
EMN. However, if θ1=2 < 50.75◦, the advantage of using
the collector in localizing the magnetic force disappears. The
simulation results of the effects of the parameters θ1 and θ2
on the magnetic force localization are shown in Fig. 8(c) and
Fig. 8(d), respectively. The results indicate that as θ1 (or θ2)
increases, the localized area of the EMNC decreases. This
shows the influences of these two parameters on the magnetic
force localization independently. However, it is noted from
Fig. 8(d) that if θ2 < 47◦, the collector has no effect in
localizing the magnetic force. This observation suggests that
configuring the EMN would be more desirable (than config-
uring the collector) in localizing the magnetic force, since the
localization effects are not limited by the variations of θ1.

C. OPTIMAL CONFIGURATION OF EMNC
Based on the simulation results of the magnetic field and
force localization, we determined an optimal configuration
for the EMNC, that is d = 0.1 mm and θ1=2 = 60◦. Based
on this configuration, simulations were performed to examine
the localization effects of the EMNC (on the magnetic field
and force) over a range of input current from 0.1 A to 3 A,
and the results are reported in Fig. 6(e) and 8(e), respectively.
The results indicated that the localized area of the EMNC
is systemically lower than the EMN and this shows that the
inclusion of the flux collector does effectively concentrate the
magnetic field and force.

D. VISUALIZATION OF LOCALIZATION EFFECTS
An experiment was conducted to provide a visualization of
the localization effects of the EMNC assembly. This exper-
iment involves the tracking of the movements of the iron
filings in a (purchased off-the-shelf) two-dimensional mag-
netic field demonstrator. In the experiment, the EMN and
the EMNC were positioned above the magnetic field demon-
strator, and the movements of the iron filings were filmed

when the EMN (with the configuration of θ1 = 60◦) and
then the EMNC (with the configuration of θ1=2 = 60◦ and
d = 0.329 mm) were supplied with an input current of 3 A.
Fig. 9 was captured via an imaging unit, which was fixed
below the magnetic field demonstrator, and it shows the
demonstrator under the EMN and the EMNC after the input
current was supplied. It can be observed from Fig. 9(a) that
the area-of-influence of the single EMN (which is outlined
by a red color boundary) is approximately 2.17 times larger
than the EMNC assembly (as depicted in Fig. 9(b)). The area-
of-influence indicates the region of the iron filings in the
demonstrator, which was affected by the generated magnetic
field and force. This experimental result provides direct evi-
dence that the EMNC assembly was effective in localizing the
generated magnetic field and force, which only affected the
iron filings that were nearest to its tips.

IV. LOCALIZED MANIPULATION OF
MAGNETIC PARTICLES
In this section, we report the development of a magnetic
manipulation system equipped with an EMNC assembly
for (effectively) simultaneous yet selective manipulation of
multiple magnetic particles. The design of the manipulation
system is first described, which is followed by the visual
tracking algorithm of multiple particles, the control scheme,
and the experimental results.

A. MAGNETIC MANIPULATION SYSTEM
To achieve (effectively) simultaneous manipulation of multi-
ple magnetic particles, we first establish a magnetic manipu-
lation system, as shown in Fig. 10. The system consists of
three sub-systems for execution, sensing, and control. The
executive sub-system comprises a three-axis motorized stage
(with a travel range of 100 mm in all directions and a step
resolution of 2 µm) and an EMNC assembly (with d =
0.264 mm and θ1=2 = 60◦) connected to a programmable
power supply. The EMNC assembly is mounted to the stage
and it functions as an end-effector to manipulate the parti-
cles. The sensory sub-system comprises of a high resolution
distortion-less macro lens connected to a high speed CMOS
camera (which is specified to film at a maximum 90 frames-
per-second with full resolution of 2048 by 2048 pixel2). The
imaging system is inverted with the light source on the top,
illuminating light down to the workspace. The control sub-
system receives the visual feedback from the camera and gen-
erates the required outputs. The control software is developed
in MATLAB for automatic manipulation.

B. TRACKING OF MULTIPLE MAGNETIC PARTICLES
In the automatic manipulation process, the tracking of the
magnetic particles plays an important role in supplying
the feedback of the particles’ positions. We first implement
the center of mass algorithm to estimate the positions of the
particles, and this algorithm includes three major operations.
First, the images are converted from the original images into
grayscale images. Second, due to the highly opaque particles,
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FIGURE 8. Magnetic force localization. Output of the simulations with the magnetic force model: (a) parameter d was varied from
0.1 mm to 1.7 mm with θ1=2 fixed at 60◦, (b) parameters θ1=2 was varied from 40◦ to 60◦ with d fixed at 0.1 mm, (c) parameter θ1 was varied from
40◦ to 60◦ with d and θ2 fixed at 0.1 mm and 60◦, respectively, and (d) parameter θ2 was varied from 40◦ to 60◦ with d and θ1 fixed at 0.1 mm
and 60◦, respectively. (e) The optimal configuration of EMNC with d = 0.1 mm and θ1=2 = 60◦, and the input current was varied from 0.1 A to 3 A.

FIGURE 9. Visualization of the localization effects with a
two-dimensional magnetic field demonstrator. Images (a) and (b) show
the demonstrator under the EMN and the EMNC assembly after the input
current was supplied. The area-of-influence of the EMN and the EMNC
assembly are outlined with a red color boundary.

the images have a clear contrast between the particles and
the background. Hence, the profiles of the particles are easily
detected by a threshold value. Last, the central positions
(i.e. two-dimensional coordinates) of the particles are cal-
culated based on the weighted pixel value [23].

Here, we track the particles by utilizing the k-nearest neigh-
bors algorithm. The algorithm classifies a query instance to
the label that is most common amongst its k-nearest neigh-
bors measured by a distance function. For our application,
we chose k to be 1, this implies that a query particle ps (in the
current image) is simply classified to the label of its nearest
neighbor (from the previous image). We defined an euclidean
distance function for measuring the distances between the
query particle ps (in the current image) and all particles from
the previous image. The euclidean distance function deu is

FIGURE 10. Experimental setup for magnetic control of multiple
microscopic particles under the vision feedback guidance.

expressed as

deu(s, f ) =
√
(ls − lf )2 + (ms − mf )2 (12)

where parameters l− and m− are the two-dimensional coor-
dinates of the particle in the image. The subscript s denotes
the index of the query particle in the current image, and the
subscript f refers to the label of the particle from the previous
image.

C. CONTROL SCHEME
In this sub-section, we consider the problem of two-
dimensional manipulation of multiple magnetic particles, and
which the particles are subjected to random disturbances in
their respective nominal positions.
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This manipulation scenario could be applied to the case
of manipulating the ECM stiffness for the investigation of
cell-matrixmechanical interactions. In this case, themagnetic
particles are to be firmly attached to the collagen fibers
in the ECM and to be remained stationary in their respec-
tive (nominal) positions. However, if there is a perturbation
in the ECM (which could be induced by the cell traction
forces), the particles may be dislocated from their prescribed
positions. By anchoring the particles (individually) in their
nominal positionswhile they are subjected to possible cellular
forces, the movements of the collagen fibres in the ECM are
impeded. Hence, this possibly results in a change of apparent
stiffness of the ECM as sensed by the cells.

Here, we devised a visual-servo control scheme to ensure
the EMNC assembly (i.e. an end-effector) applies the nec-
essary force on the dislocated particle to eliminate the
dislocation.

1) DYNAMIC ANALYSIS OF THE PARTICLES
In this article, we focus on the motion of the particles in the
x − y plane (i.e. lateral plane). A magnetically controlled
particle in the suspending medium (contained in a Petri-dish)
mainly receives three forces: magnetic forces, disturbance
forces, and viscous drag force. The dynamics equation of the
particle is given by,

mq̈ = Fp − Fdrag − Fds (13)

where m is the mass of the particle, q ∈ R2×1 is the position
of the particle in the x − y plane, Fp ∈ R2×1 is the applied
magnetic force, Fds ∈ R2×1 is the disturbance force, and
Fdrag ∈ R2×1 is the viscous drag force. We neglected the
interactions between the neighbouring particles, which is
appropriate for dilute particle suspensions [24]. For the effect
of the inertia force mq̈, it is ignorable in the low Reynolds
number environment [25]–[27]. As a result, (13) can be sim-
plified as

0 = Fp − Fdrag − Fds (14)

According to the Stokes’ law, the drag coefficient α of a
spherical particle has the form of

α = 6πηrp (15)

where rp is the radius of the particle and η is the dynamic
viscosity of the suspending medium. However, if the particle
gets too close to the boundaries of the Petri-dish, it would
incur a larger drag coefficient, which is then characterized by
the Faxen’s law [28] that states

α = 6πηrpβ (16)

where β is the correction factor (given by (17)) and hp is the
distance from the center of particle to the boundaries.

β =

1− 9
16

rp
hp
+

1
8
rp3

hp3
−

45
256

rp4

hp4
−

1
16

(
rp5

hp5

)3
−1

(17)

Hence, the drag force experienced by the particle is expressed
as,

Fdrag = αq̇ (18)

2) VISUAL-SERVO CONTROL SCHEME
A visual-servo control scheme is synthesized with the mag-
netic manipulation system to achieve (effectively) simultane-
ous manipulation of magnetic particles.

The control objective is to minimize the deviations of all
particles in a selected ensemble from their desired positions,
and which they are subjected to random perturbations. The
position error Erg ∈ R2×1 of the particle g in the suspending
medium is defined as

Erg = qdg − qg (19)

where qdg ∈ R2×1 and qg ∈ R2×1 are the desired and the
current positions of the particle g in the x − y plane, with
g ∈ {1, 2, . . . ,G} and G equals to the total number of
particles in the selected ensemble.
The control strategy is based on directing the localized

magnetic force of the EMNC assembly to the respective
desired positions of the particles. The system first identifies
the locations of the particles and then maneuvers the EMNC
to apply a localized magnetic force on the particles (one at
a time but cyclically) to steer the particles and hold them in
the vicinity of their respective desired positions. This level of
control effectively achieves a simultaneous manipulation of
multiple particles.
To realize this control scheme, the localizedmagnetic force

intended for a particle must not affect other particles nearby,
otherwise it would cause them to dislocate from their posi-
tions. Therefore, to minimize such proximity interference,
the localized force area must be optimized. The localized
area in this section is defined as a region within which
Fp > (Fdrag + Fds), such that (i) Fp induces a sufficient
large force on the particle for effective manipulation and
(ii) a localized area that is small enough without affecting the
particles nearby. The particle within the localized area will be
directed to the zero force point (as shown in Fig. 5(c)), and
the localized area is ellipse-shaped (as shown in Fig. 5(b)).
The control strategy works by first determining (i) the

particle gl , which has the largest Erg = ‖Erg‖2
(i.e. l2− norm of Erg) in the ensemble, and (ii) the euclidean
distances dv of all the neighbouring particles to the parti-
cle gl . The subscript v is the index for the neighbouring
particles. Second, an algorithm is proposed to determine
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FIGURE 11. Representative closed-loop control of multiple magnetic particles. (a) Trajectories of the controlled particles towards their respective
desired positions, and within a maximum region-of-convergence (ROC) of 595 µm in radius. ROCs are represented using black-dashed circles.
(b) Motions of the particles towards their reference positions (solid vertical lines) along y-axis. (c) Motions of the particles towards their
reference positions (solid vertical lines) along x-axis.

the input current of the EMN and the corresponding local-
ized force area. This algorithm is realized by character-
izing the magnetic force induced by the EMNC on the
workspace, with the analytical model derived in Section II.
Then, a lookup table (LUT) of the input currents I , to
(i) the major radiuses rloc of the localized force areas and
(ii) the minimum forces Fpmin , where Fpmin > (Fdrag + Fds)
is derived. The algorithm would first search for the nonzero
minimum Fpmin in the LUT (to ensure the magnetic force is
sufficient to manipulate the particle), and its corresponding
input current Icl and major radius of the localized area rcl .
Next, the rcl is verified to be < dvmin (where dvmin is the
euclidean distance of the closest neighbouring particle to
particle gl), and this is to warrant that the localized force
area does not affect the particles nearby when manipulating
particle gl . Thereupon, the input current of the EMN will
be specified as Icl . Otherwise, if the closest neighbouring
particle is too near to the particle gl , such that rcl > dglmin,
then the system will manipulate the subsequent particle with
the next highest position error.

D. EXPERIMENT AND RESULTS
Experiments were carried out to demonstrate the effective-
ness of the proposed system in simultaneous manipulation of
multiple magnetic particles. Specifically, the experiments are
to demonstrate the capability of the system in steering the
magnetic particles to their respective desired positions and
holding them in place, while they are constantly subjected to
a random disturbance.

In these experiments, three paramagnetic particles
(of 100µm in diameter) were manipulated in deionized water
with random perturbation. The particles and the suspend-
ing medium were contained in a standard Petri-dish (with
a diameter of 150 mm). The magnetization curve of the
paramagnetic particle is reported in Fig. 7. First, the system
would position the three magnetic particles into an equilat-
eral triangle formation as shown in the upper right inset of
Fig. 11(a). The particles are marked by the red color circles
and they are labeled as P1, P2, and P3. These particles take
their respective desired positions in the corners of the triangle,

and the euclidean distances between the particles are of equal
length dp. Then, the random perturbation is introduced to
dislocate the particles from their prescribed positions, and
the proposed system would manipulate the particles (one at a
time but cyclically) to eliminate the dislocations.

Fig. 11 shows the representative experimental results of
the proposed system in manipulating the three paramag-
netic particles. The motions of the three controlled par-
ticles are depicted in Fig. 11(a), the red color circles
indicate the desired positions of the particles, and the blue
lines are the trajectories of the particles during the exper-
iment. Due to the disturbance forces, the proposed control
system cannot achieve zero position tracking error as shown
in Fig. 11(b) and 11(c). The system steers the particles (one
at a time but cyclically) within the vicinity of their desired
positions, which we refer to as a region-of-convergence as
shown in Fig. 11(a). The radius of this region-of-convergence
depends on the manipulation velocity of the particles, the dis-
turbance forces, and the bandwidth of the control system
(our vision system has a maximum frames-per-second of 90).
In this representative experiment, the particles were con-
trolled towards their reference positions (with dp = 3 mm)
at a manipulation velocity of 150 µm/s, and it resulted in
a maximum region-of-convergence of 595 µm (in radius).
This experiment is repeated five times, and the average maxi-
mum region-of-convergence are calculated to be 610±76µm
(in radius).

V. SUMMARY AND DISCUSSION
We have presented a magnetic manipulation system to
achieve (effectively) simultaneous yet localized manipula-
tion of multiple magnetic particles. The proposed system is
equipped with a novel device that involves an EMN and a
flux collector strategically positioned relative to each other to
realize magnetic field and force localization. We first devised
analytical models (using a system of magnetic dipoles) to
determine the magnetic field and force in the vicinity of
the designed EMNC. Next, experiments were carried out
using a gauss meter with a hall sensor probe to validate the
proposed magnetic field model. It was found that there were
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discrepancies between the predicted and measured fields.
There are two main factors that have contributed to the dis-
crepancies; the first factor reflects the difference between
the modeled and physical magnetic core. Our model con-
siders the core as a stack of circular disk dipoles, whereas
the physical core is a volume of point dipoles. The second
factor involves the magnetization of the dipoles. Our model
assumes each circular disk dipole is magnetized homoge-
neously, whereas the physical core of point dipoles magne-
tize inhomogeneously. Nevertheless, to achieve a quantitative
agreement between both data, a multiplicative scaling func-
tion is introduced to both the EMN and the flux collector,
respectively.

Based on proposed models, simulations were performed to
investigate the localization effects of the EMNC assembly,
and that of a single EMN in order to compare their effec-
tiveness. The simulation results showed that the localization
effects of the EMNC assembly on the magnetic field and
force exhibited similar trends: (i) by reducing the distance
between the tips of the EMN and the flux collector, and (ii) by
increasing the angles of inclination (of the EMN and the flux
collector), both the localized areas of magnetic field and force
can be minimized up to 78.86% and 64.64%, respectively.
The reason is that the flux collector effectively operates as a
magnetic field sink, which provides a path for the emanated
magnetic field from the EMN tip (i.e. magnetic field source).
This reduces the distribution and concentrates the magnetic
field between the EMNand collector tips. In view of the local-
ization effects achieved with the EMNC assembly, the con-
cept of the inclusion of the flux collector in localizing the
magnetic field and force could possibly be extended to other
forms of magnetic devices, where such localization effects
are required.

With the characterized EMNC assembly, it is implemented
to the magnetic manipulation system. Both hardware and
software components of the manipulation system have been
presented. The tracking of multiple magnetic particles using
the center of mass algorithm and the k-nearest neighbors
algorithm are presented, which is followed by the analy-
sis of the dynamics of a magnetically controlled particle.
Next, a visual-servo control scheme with an algorithm for
determining the inputs (to control the localized force area
of the EMNC assembly) is incorporated into the system to
achieve (effectively) simultaneous manipulation of multiple
magnetic particles. Experiments were conducted to demon-
strate the effectiveness of the proposed system. The results
show that the system are capable of controlling the magnetic
particles within the vicinity of their reference positions (with
an average maximum region-of-convergence of 610±76 µm,
in radius), while they were constantly subjected to a random
perturbation.

However, there are a number of factors that limit the capa-
bility of the proposed system and device. First, the minimal
area-of-influence of the magnetic force that can be achieved
is inherently limited by the physical characteristics of the
EMNC assembly. Owing to this fact, if the particles are too

close to each other, especially in the extreme case, where
particles are side by side to each other, the magnetic force
generated by the EMNC may not be able to separate and
manipulate them individually. A potential solution to resolve
this issue is to design a more sophisticated control algorithm,
such that the system is able to control the EMNC in attempt to
exert an unbalanced force on the particles and separate them.
Second, in this article, the focus is on the two-dimensional
manipulation of multiple magnetic particles. To improve
the applicability of the system for three-dimensional
manipulation of particles, one possible solution is to have
an additional inverted EMNC assembly place directly below
of the samples. Third, the geometry of the flux collector tip
needs to be investigated. It could have significant impacts
in better localizing the magnetic field and force, which may
lead to a more efficient EMNC device. Fourth, the effects of
the localized magnetic force on a group of magnetic particles
(instead of a single particle) remain to be explored. This
would provide useful insights as to how particle-particle
interacts within the localized area. It could be important
for applications where particles could be drug-coated, since
their interactions may initiate chemical or biochemical reac-
tions. Last, the software of the proposed system should be
developed with a programming language or environment
that is more suited to cover a wider range of practical
applications. One potential solution is to develop the soft-
ware in MATLAB’s Simulink (i.e. a graphical programming
environment), and which it allows the incorporation of the
developed algorithms/codes in MATLAB, by converting
them into Simulink models. The recent advancements in
MATLAB’s Simulink have enabled users to build, run, and
test real-time applications [29]–[31]. This is made possible
with Simulink Real-Time, which automatically generates
(based on the Simulink models) the program for embedded
real-time applications. It can then be downloaded into a
dedicated target computer/controller (equipped with real-
time kernel, I/O interfaces, FPGAs, etc.) connected to the
proposed physical system. Such an improvement in the soft-
ware of the proposed system could reduce the computational
time and so enhance the system’s performance.

The above limiting factors notwithstanding, the work
reported in this article in representing an initial effort to
develop an engineering solution that enables simultaneous
manipulation of multiple magnetic particles (i.e. the task to
address individual particles and steer them independently).
To the authors’ best knowledge there is no existing method
that achieves simultaneous yet localized manipulation of
magnetic particles, specifically particles with the same geo-
metrical and material properties. There are few reported
works [32]–[34] that demonstrated individual manipulation
of magnetic micro-structures in an ensemble. These unteth-
ered micro-structures were fabricated with size ranging from
70 µm to 1 mm for potential applications such as tar-
geted drug-delivery and medical diagnosis. These works
are usually accomplished through employing heterogeneous
designs or materials. The working principle is that the
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micro-structures would be excited via the same input signal
(e.g. rotational or oscillating magnetic field), and with the
different design parameters, these structures would exhibit
different behaviors, such as variable actuation speeds or mov-
ing directions. For instance, in the work of [34], two mechan-
ically unique micro-robots (which are coupled with different
eigenfrequencies) were actuated by an oscillating magnetic
field. The actuation of the robot occurs, when the frequency
of the driving magnetic field is at the eigenfrequency of the
robot’s spring-mass system. These robots are then steered
individually by alternating the input signal between their
eigenfrequencies. The proposed system and the reported
experimental results (in manipulating multiple magnetic par-
ticles) in this article complement the other published works,
by extending the scope of magnetic manipulation from one
single target to a group of them without the need for physi-
cally intricate micro-structures.

The proposed system has demonstrated its ability tomanip-
ulate magnetic particles individually and (effectively) simul-
taneously in an ensemble. The reported experimental results
point to the possibilities in manipulating cells, biomolecules,
micro-robots, and other micro-structures at multiple sites
via direct application of localized and differentiated forces.
However, there are two aspects to be noted in the implemen-
tation of the proposed system for practical applications. First,
for a medium of a fixed volume, the number of particles and
their proximity to each other for an effective manipulation
depends on the viscosity of themedium, the size andmagnetic
properties of the particles, and the extent of the localization of
the magnetic force. Second, the simultaneous manipulation
of a group of particles is to be interpreted statistically, in the
sense that all particle-position deviations will be corrected as
fast as the visual-servo loop permits. Hence, it is possible
that not all particles are manipulated to the same level of
position accuracy. Consider the case where a random dis-
turbance force severely dislocates a particular particle from
its prescribed location in an ensemble. This will result in a
longer time taken for the system to steer the particle back to
its desired position. Therefore, this may incur larger position
errors for the rest of the particles in the ensemble (since they
are unattended for a longer period of time) and which then
penalizes the accuracy of this manipulation approach.

One potential application of the proposed EMNC assembly
in magnetic field localization is that it could be useful in
transcranial magnetic stimulation (TMS) therapy for treating
neuropsychiatric disorders. For the therapy, the key objective
is to apply an electric field induced by a time-varying mag-
netic field on the human brain, which helps in stimulating
under-active regions that are believed to be correlated to the
disorders. However, the existing TMS devices suffer from
a lack of magnetic field localization, leading to undesirable
stimulation of other parts of the brain, and which can cause
various adverse effects such as facial muscle activation and
pain or discomfort [35]–[37]. Therefore, the EMNC assem-
bly points to the prospect in being a viable TMS device for
the therapy.

APPENDIX A
MAGNETIC SCALAR POTENTIAL OF A CE DIPOLE
Equation 4 is solved for a Ceu dipole over a sub-interval
[zCe

′

ui−1 , z
Ce′
ui ] and its scalar potential φCeui is expressed as

φCeui (x, y, z) =
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uzi
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2
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2
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2
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2
1) (20)

where rCru is the radius of the magnetic core, and LCeu is the
length of the conical tip.

APPENDIX B
MAGNETIZATION OF A CE DIPOLE
The magnetic field strength HsCyl1 (z

Ce′
1i

) is the summation of
the field contributions by the electromagnetic coil and the
magnetized Cyl1, which can be expressed as

HsCyl1 (z
Ce′
1i ) = Hs(zCe

′

1i )+ HCyl1 (z
Ce′
1i ) (21)

Consider a finite azimuthally symmetrical electromagnetic
coil of length Ls and radius rs with a number of turns per
unit length n carrying a current I . Using the Biot-Savart law,
the magnetic field contribution of an electromagnetic coil on
the longitudinal axis is determined by modeling the coil as
multiple current loops stacked together [38]. The magnetic
field on the longitudinal axis is expressed as

Hs(z′1) =
nI
2

 z′1 − dw√
(z′1 − dw)

2 + r2s
−

z′1 − ew√
(z′1 − ew)

2 + r2s


dw = LCe
ew = LCe + Ls (22)

In consequence of the applied field from the coil, Cyl1 is
magnetized, and to determine its field contribution HCyl1 ,
the Cyl1 is partitioned to M numbers of dipoles along
the zCyl

′

1 -axis (i.e. z′1-axis of Cyl1). This is realized
by dividing the interval [LCe1 ,LCyl1 ] to sub-intervals
of {[zCyl

′

1N
, zCyl

′

1N+1
], [zCyl

′

1N+1
, zCyl

′

1N+2
], . . . , [zCyl

′

1M+N−1
zCyl

′

1M+N
]}, with

each dipole spanning a sub-interval [zCyl
′

1j−1
, zCyl

′

1j
]. It has to

be noted that both Cyl1 and Ce1 are in a common frame of
reference and their origins are located at the tip. Equation 4 is
solved for a Cyl1 dipole over a sub-interval [z

Cyl′

1j−1
, zCyl

′

1j
] and

24086 VOLUME 6, 2018



H. H. See et al.: Localized Manipulation of Magnetic Particles in an Ensemble

its scalar potential φCyl1j
is given by

φ
Cyl
1j
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′

1i ) =
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1zj

2

(√
r2Cr1 + (zCe

′

1i
− zCyl

′

1j
)2

−

√
r2Cr1 + (zCe

′

1i
− zCyl

′

1j−1
)2
)

(23)

where MCyl′

1zj
is the magnetization of the Cyl dipole, and

which is dependent on Hs(z
Cyl′

1j
). The values of MCyl′

1zj
can be

evaluated with Hs(z
Cyl′

1j
) from the magnetization curve of the

core material. The total scalar potential of Cyl1 (i.e. φCyl1t
)

at zCe
′

1i
is then approximated by the summation of the scalar

potential of every Cyl1 dipole over the length of Cyl1, that is,
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By substituting (24) into (25), the magnetic field strength
HCyl1 at zCe

′

1i
can be evaluated.

HCyl1 (z
Ce′
1i ) =

∂φ
Cyl
1t

∂zCe
′

1i

(25)

With the summation of HCyl1 (z
Ce′
1i

) and Hs(zCe
′

1i
) in (21),

the magnetic field strength HsCyl1 (z
Ce′
1i

) can be determined.
However, owing to the geometry of the conical-shaped tip,
the magnetic flux is concentrated. For that reason, the field
strengthHsCyl1 (z

Ce′
1i

) is amplified along the length of Ce1, and
the relationship is governed by

HsCyl1 (z
Ce′
1i ) ∝

1

ACe(zCe
′
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)/ACe(zCe

′

1N
)

(26)

where ACe(zCe
′

1i
) is the cross sectional area of Ce1 at zCe

′

1i
.
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[31] F. Blaabjerg, B. Kȩdra, and R. Małkowski, ‘‘Energy storage device based
on flywheel, power converters and simulink real-time,’’ in Proc. IEEE
Int. Conf. Environ. Elect. Eng., IEEE Ind. Commercial Power Syst. Eur.
(EEEIC/I&CPS Eur.), Jun. 2017, pp. 1–4.

[32] E. Diller, S. Floyd, C. Pawashe, and M. Sitti, ‘‘Control of multiple het-
erogeneous magnetic microrobots in two dimensions on nonspecialized
surfaces,’’ IEEE Trans. Robot., vol. 28, no. 1, pp. 172–182, Feb. 2012.

[33] E. Diller, S. Miyashita, and M. Sitti, ‘‘Magnetic hysteresis for multi-state
addressable magnetic microrobotic control,’’ in Proc. IEEE/RSJ Int. Conf.
Intell. Robots Syst. (IROS), Oct. 2012, pp. 2325–2331.

[34] D. R. Frutiger, K. Vollmers, B. E. Kratochvil, and B. J. Nelson, ‘‘Small,
fast, and under control: Wireless resonant magnetic micro-agents,’’ Int. J.
Robot. Res., vol. 29, no. 5, pp. 613–636, 2010.

[35] P. G. Janicak et al., ‘‘Transcranial magnetic stimulation in the treatment
of major depressive disorder: A comprehensive summary of safety expe-
rience from acute exposure, extended exposure, and during reintroduction
treatment,’’ J. Clin. Psychiatry, vol. 69, no. 2, pp. 222–232, 2008.

[36] M. Hallet, ‘‘Transcranial magnetic stimulation and the human brain,’’
Nature, vol. 406, no. 6792, pp. 147–150, Jul. 2000.

[37] E. H. Bae et al., ‘‘Safety and tolerability of repetitive transcranial mag-
netic stimulation in patients with epilepsy: A review of the literature,’’
Epilepsy & Behav., vol. 10, no. 4, pp. 521–528, 2007.

[38] S. R. Muniz, V. S. Bagnato, and M. Bhattacharya, ‘‘Analysis of off-
axis solenoid fields using the magnetic scalar potential: An application
to a zeeman-slower for cold atoms,’’ Amer. J. Phys., vol. 83, no. 6,
pp. 513–517, 2015.

HIAN HIAN SEE received the B.Eng. degree in
mechanical engineering from the National Univer-
sity of Singapore in 2013, where she is currently
pursuing the Ph.D. degree in mechanical engi-
neering. Her main research interests include the
development of magnetic manipulation techniques
for bioengineering applications.

SAHAN C. B. HERATH received the bachelor’s
(Hons.) and Ph.D. degrees in mechanical engi-
neering from the National University of Singapore
in 2009 and 2014, respectively. From 2009 to
2014, he was a Research Scholar with the National
University of Singapore. His research included the
development of techniques for manipulating extra-
cellular matrix stiffness through the application of
precisemagnetic fields on specializedmicrofluidic
platforms for cellular growth and analysis.

YUE DU received the bachelor’s degree from
Northeast Agricultural University, the master’s
degree from the Harbin Institute of Technology,
and the Ph.D. degree from the National University
of Singapore. She has conducted a wide spectrum
of research on engineered cellular characteriza-
tion and manipulation and robot/biomanipulator
design, with fruitful outcomes in both fundamen-
tal and applied research. She has involved in the
projects funded by the Singapore-MITAlliance for

Research and Technology, Agency for Science, Technology and Research,
and National Natural Science Foundation of China.

HARRY ASADA received the B.S., M.S., and
Ph.D. degrees in precision engineering fromKyoto
University, Kyoto, Japan, in 1973, 1975, and 1979,
respectively.

He is currently a Ford Professor of mechanical
engineering and the Director with the Brit and
Alex d’Arbeloff Laboratory for Information Sys-
tems and Technology, Department of Mechanical
Engineering, Massachusetts Institute of Technol-
ogy (MIT), Cambridge, MA, USA. His robotics

research interests include wearable robots, cellular PZT actuators, and robot
applications to aircraft manufacturing and nuclear power plant monitoring.
His research in the bio area focuses on biointegrated robots, where live cells
and tissues are used as components. He specializes in robotics, biological
engineering, and system dynamics and control.

Dr. Asada is a fellow of the American Society of Mechanical Engi-
neers. He received Best Paper Awards from the IEEE International Con-
ference on Robotics and Automation in 1993, 1997, 1999, and 2010,
the O. Hugo Schuck Best Paper Award from the American Control Council
in 1985, Best Journal Paper Awards from the Society of Instrument and
Control Engineers in 1979, 1984, and 1990, and the Best Journal Paper
Award from the Journal of Advanced Robotics in 2002. He also received
the Henry Paynter Outstanding Researcher Award from ASME Dynamic
Systems and Control in 1998. More recently, he received the 2011 Rufus
Oldenburger Medal from ASME and the Ruth and Joel Spira Award for
Distinguished Teaching from the School of Engineering, MIT.

PETER C. Y. CHEN received the Ph.D. degree
from the University of Toronto, Canada, in 1995.
From 1985 to 1997, he was involved in
various projects for China International Marine
Containers Ltd. (China), Automation Tooling
Systems, Inc. (Canada), Electronics Division,
General Dynamics Corp. (USA), Philips Pte.
Ltd. (Singapore), the University of Toronto, CRS
Robotics Inc. (Canada), and the Canadian Space
Agency (Canada). From 1997 to 2000, he was a

Research Fellow with the Singapore Institute of Manufacturing Technology.
He joined the National University of Singapore in 2000, where he is currently
an Associate Professor with the Department of Mechanical Engineering.
His research interests include sensing, system dynamics, and control of
biological system.

24088 VOLUME 6, 2018


	INTRODUCTION
	MAGNETIC INDUCTION MODELLING
	MAGNETIC FIELD MODELLING
	EXPERIMENTAL VALIDATION OF MAGNETIC FIELD
	EXPERIMENT SETTING
	EXPERIMENT PROCEDURE
	EXPERIMENTAL RESULTS

	MAGNETIC FORCE MODELLING

	LOCALIZATION EFFECTS OF EMNC
	MAGNETIC FIELD LOCALIZATION
	MAGNETIC FORCE LOCALIZATION
	OPTIMAL CONFIGURATION OF EMNC
	VISUALIZATION OF LOCALIZATION EFFECTS

	LOCALIZED MANIPULATION OF MAGNETIC PARTICLES
	MAGNETIC MANIPULATION SYSTEM
	TRACKING OF MULTIPLE MAGNETIC PARTICLES
	CONTROL SCHEME
	DYNAMIC ANALYSIS OF THE PARTICLES
	VISUAL-SERVO CONTROL SCHEME

	EXPERIMENT AND RESULTS

	SUMMARY AND DISCUSSION
	REFERENCES
	Biographies
	HIAN HIAN SEE
	SAHAN C. B. HERATH
	YUE DU
	HARRY ASADA
	PETER C. Y. CHEN


