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Tunable Magnetic Trap: Using Passive Elements to
Control Magnetic Microrobots

Franco N. Piñan Basualdo , Robert van de Weerd , and Sarthak Misra , Senior Member, IEEE

Abstract—Magnetic microrobots have the ability to navigate
through difficult-to-reach environments, thereby holding promise
for applications in the fields of micromanipulation and biomedicine.
The actuation of these microrobots requires the generation and
control of magnetic fields and gradients. However, the decay of
gradients with the distance the (d) from the magnetic source
(as 1/d4), poses challenges in generating gradients using remote
sources. A possible solution is to use miniaturized magnetic sources
that can be positioned closer to the microrobot. However, the small
size of miniature magnetic sources limits the fields that can be
generated. In this study, we propose a tunable magnetic trap—a
system that combines remote magnetic field generation and local
passive gradient generation. The remote field generation is achieved
by a traditional Helmholtz system while gradients are generated
locally by an arrangement of ferrite rods. The system benefits from
strong external electromagnets and local gradient generation. The
magnitude and direction of the magnetic gradient can be regulated
with the external field, enabling the actuation of particles in the
magnetic trap. The proposed system is validated experimentally
through the control of a magnetic particle floating on the air-water
interface. Our results show that relatively low magnetic fields
(<5 mT) are necessary to displace a 500 µm metallic particle
against the meniscus capillary force.

Index Terms—Automation at Micro-Nano Scales, Micro/Nano
Robots, Motion Control.

I. INTRODUCTION

UNTETHERED microrobots have the ability to navigate
through difficult-to-reach environments and perform pre-

cise tasks, holding promise for micromanipulation [1] and
biomedical applications [2]. As a result, researchers are ac-
tively developing untethered microrobots, with advances in
fabrication [3], tracking [4], and control [5]. Since embarking
energy sources and computing units on microrobots can be
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Fig. 1. Schematic of the tunable magnetic trap: The system consists of an
arrangement of three ferrite rods that locally shape the magnetic field for
the control of a particle in the center. The involved forces are shown in the
inset. In a homogeneous magnetic field (Bext), the ferrite rods get magnetized
inhomogeneously, giving rise to a magnetic force (Fmag). Since the particle is
on top of a fluid layer, there is also a capillary force (Fcap) due to the meniscus
shape.

technologically challenging, most untethered microrobots rely
on external signals for actuation and control. Among the dif-
ferent actuation mechanisms, magnetic microrobots are the
predominant ones, especially for biomedical applications [6].
Magnetic microrobots leverage magnetic fields for precise ma-
nipulation and control, enabling remote navigation within com-
plex environments. We distinguish two main magnetic actuation
strategies: Field- and gradient-based actuation [7].

Field-based magnetic microrobots exhibit motion as an indi-
rect result of their interaction with the applied magnetic field and
with the environment. The applied field, often homogeneous,
does not generate considerable net forces. Instead, it is the
microrobot’s response to this field (rotation or deformation)
that leads to its displacement. We identify three main types of
field-based magnetic microrobots: Rollers, swimmers, and soft
magnetic microrobots. Rollers are magnetic agents that, under a
rotating field, roll on a surface to propel themselves, exploiting
friction forces [8], [9]. Swimmers are magnetic agents, typically
helical [10] or flagellar-shaped [11], that exhibit a swimming
motion under a time-varying magnetic field, exploiting hydro-
dynamic forces. Finally, soft magnetic microrobots [12] deform
under a magnetic field, which can result in varied locomotion
modes (e.g, crawling [13], walking [14], and swimming [15]).

Gradient-based magnetic microrobots, on the other hand, are
propelled by harnessing magnetic forces. A magnetic particle
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in a non-homogeneous magnetic field will be attracted to areas
of stronger magnetic field [7] (i.e., in the direction of the mag-
netic gradient). Gradient-based actuation can achieve precise
movements [16], [17] and it can enable the simultaneous control
of multiple microrobots [18], [19]. Moreover, gradient-based
position control can be combined with field-based orientation
control for complete pose control, opening the way to advanced
tasks like cargo transport [12], [20].

The control of gradient-based microrobots is typically
achieved using electromagnetic systems [21]. These systems
control the magnetic field and gradient by adjusting the currents
circulating through a set of electromagnetic coils that surround
the workspace. These coils can be air-core coils, which re-
spond linearly and can be actuated at high frequencies [22].
However, iron-core coils are frequently preferred (despite the
associated non-linearities and increased inductance) for their
stronger effect [23], [24], [25]. One limitation of gradient-based
systems is that the generated magnetic gradient decreases with
the distance (d) from the electromagnet as 1/d4. Therefore, the
remote generation of magnetic gradients requires strong coils,
which would consume more energy.

An alternative approach is to use miniature electromagnets
positioned in the proximity of the workspace to minimize the
distance from the electromagnets [26], [27], [28]. However, the
heat generated by the coils is dissipated close to the workspace,
which can be harmful for the manipulation of sensitive com-
ponents. Therefore, the supply power, and thus the magnetic
field and gradient, must be limited. In this work, we introduce
a tunable magnetic trap, a hybrid magnetic actuation system
combining active-external and passive-local magnetic actuation,
which results in no heat dissipation in the workspace vicinity.

The proposed tunable magnetic trap consists of the generation
of magnetic fields using external Helmholtz coils and a local
arrangement of passive ferrite rods. The homogeneous magnetic
field generated by the coils would not give place to magnetic
forces by itself. However, the ferrite rods locally concentrate
the field, producing a trap that attracts magnetic particles [29].
By arranging the ferrite rods appropriately, we can generate
a dependence of the resulting trapping force with the applied
field—thus resulting in a tunable magnetic trap. Thereby, a
magnetic particle in the trap can be controlled by only adjusting
the externally applied magnetic field. One advantage of the
proposed hybrid system is that the external electromagnetic coils
can generate stronger fields than miniature coils and that the
heat is dissipated outside the workspace. Moreover, the local
effect of the ferrite rods generates higher gradients than purely
external systems. The effectiveness of the proposed system is
demonstrated experimentally through the closed-loop control of
a magnetic particle of 500 µm, which required the application
of relatively weak fields (<5 mT) due to the proximity of the
ferrite rods.

II. ACTUATION

The proposed actuation system is based on the anisotropic
magnetization of ferrite rods for the creation of a tunable mag-
netic trap. A magnetic particle inside the trap experiences a net

force that can be controlled (in both magnitude and direction)
by varying the applied external magnetic field.

A. Principle

The proposed tunable magnetic trap consists of Helmholtz
coils and an arrangement of ferrite rods for the manipulation
of magnetic particles, as shown in Fig. 1. The Helmholtz coils
system generates homogeneous fields in the workspace, which
normally would not result in magnetic forces. Under this external
magnetic field (Bext), the ferrite rods get magnetized, locally
strengthening the magnetic field and creating a magnetic trap. In
the case of anisotropic magnetic components, the magnetization
strength depends on the relative orientation of the magnetic field.
For ferrite rods, the material can be considered isotropic, but
its elongated shape (aspect ratio 7.5) gives place to a highly
anisotropic magnetization. Notably, when the field is aligned
with the rod, the magnetization is up to 20 times higher than
when the field is perpendicular to the rod, as shown in Fig. 2. This
anisotropic magnetization of the ferrite rods makes it possible
to tune the magnetic trapping by controlling the magnetic field
direction and magnitude.

The proposed configuration (three ferrite rods arranged sym-
metrically around a circular workspace) gives place to a 2D
tunable magnetic trap. The ferrite rod magnetization depends
on their orientation relative to the applied external field (Bext).
Therefore, a magnetic gradient surges in between the rods,
whose direction depends on the applied external field. For ex-
ample, an external field in the +x direction generates a gradient
also in the+x direction, and an external field in the+y direction
generates a gradient in the −x, as shown in Fig. 3.

Notice that since the magnetization of the ferrite rods depends
only on the relative magnetic field orientation, the gradient
generated by any Bext and its inverse (−Bext) are the same.
Moreover, due to the system’s three-fold symmetry, these results
can be extrapolated to the other rods by rotating the frame of
reference.

B. Modeling

The three forces acting on a magnetic particle in the interior
of a tunable magnetic trap are the magnetic force (Fmag), the
capillary force (Fcap), and the drag force (Fdrag).

Magnetic forces: The magnetic force experienced by a soft
magnetic particle can be estimated using the dipole model [25]:

Fmag =
χeffV

μ0
∇‖B‖2 = 2

χeffV

μ0
JT
B ×B, (1)

where χeff is the effective magnetic susceptibility, V is the
particle volume, μ0 is the vacuum magnetic permeability, B is
the magnetic field, and JB is the Jacobian of the magnetic field.
The effective magnetic susceptibility depends on the material
and shape of the particle [30]. For the particular case of a
magnetic sphere, we get χeff ≈ 3.

In the proposed tunable magnetic trap, both the field and its
Jacobian in the interior depend linearly on the applied magnetic
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Fig. 2. Finite element simulations results of the magnetization (M) of a single
ferrite rod in an external homogenous field (Bext). A) Magnetization of a rod
(diameter D = 2mm, length L = 15mm, relative permeability μr = 2300,
‖Bext‖ = 10mT) and resulting magnetic field (B) for the aligned (θB = 0◦)
and perpendicular (θB = 90◦) cases. B) Non-dimensional axial and radial
magnetization (μ0 M/‖Bext‖, where μ0 is the vacuum magnetic permeability)
at the center of the rod as a function of the aspect ratio (L/D) of the rod. For
large aspect rations (L/D > 5), the axial magnetization becomes dominant.

field (Bext): {
B = Bextx B̃x +Bexty B̃y

JB = Bextx J̃x +Bexty J̃y,
(2)

where Bextx , Bexty are components of the external field, and
(B̃x, B̃y) and (J̃x, J̃y) are the resulting fields and Jacobian
when a unit external field is applied in the x or y direction,
respectively. Therefore, the tunable magnetic trap can be fully
characterized by its response to a unit field in each direction.
Then, equations (1) and (2) can be used to compute the resulting
force for any applied magnetic field.

In the case of the symmetric arrangement of three ferrite rods,
the expression for the force at the center of the workspace can be
further simplified. The numerical simulations, shown in Fig. 3,
are used to compute (B̃x, B̃y) and (J̃x, J̃y). In this case, the
gradient orientation is found to be −2 times the orientation of
the applied external field, which enables the simplification of (1)

Fig. 3. Resulting magnetic field (B) in an arrangement of three ferrite rods
(2mm diameter, 15mm long, relative permeability 2300) under an external
homogeneous field (Bext) of 10mT. Finite element simulation results for fields
applied in the x or y direction. The direction of the magnetic gradient (and thus,
the force) depends non-linearly on the orientation of the external magnetic field.

to: ⎧⎨
⎩‖Fmag‖ =

χeffV

μ0 LF
‖Bext‖2

θF = −2θB ,
(3)

where LF is a length that depends on the arrangement of ferrite
rods, and θB and θF are the orientation of the magnetic field and
force, respectively.

Capillary forces: Due to the meniscus concave shape, a heavy
particle floating on the interface will tend towards the center of
the workspace. This capillary force (Fcap) can be modeled as:
[31]

Fcap = −mg

Rc
P, (4)

where m is the particle mass, g is the gravity acceleration, Rc

is the meniscus curvature, and P is the particle position with
respect to the center of the recipient.

Drag force: The last force to consider is the drag force acting
on the particle. The drag force results from the viscosity of the
fluid and tends to slow down the particle. Since in our case the
particle is not completely submerged, we model the drag force
with a generalized Stokes’ Law:

Fdrag = −bd Ṗ, (5)

where bd is the drag coefficient, which depends on the fluid and
particle properties.

Finally, combining (1), (4), and (5), the system dynamics can
be modeled as

m P̈+ bd Ṗ+
mg

Rc
P = Fmag. (6)
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Fig. 4. Closed-loop control diagram. The camera view of the workspace is
used to compute the particle position (P). The error (E) with respect to the
target position (T) is fed to the Proportional-Integral controller to compute the
required control (u) using (10). Then, (8) is used to determine the required
magnetic field (Bext). Finally, the required currents the Ix and Iy are computed
and sent to the Helmholtz system (here represented out of scale).

According to (6), for a given external field, the particle will find
its equilibrium at the point where the magnetic and capillary
forces cancel each other. Using (3) to compute the magnetic
force we find: ⎧⎨

⎩‖Peq‖ =
χeff V Rc

μ0 LF mg
‖Bext‖2

θP = −2θB ,
(7)

where θP is the orientation of the equilibrium position with
respect to the center of the workspace.

C. Control Strategy

To compensate for modeling errors (e.g, our model does not
consider spatial variations of the gradient) and experimental con-
ditions variation (e.g, changes in the meniscus curvature due to
contact angle hysteresis), we developed a closed-loop controller.
We define the field direction and magnitude by rewriting (3) as
a function of a new control variable u as:{

‖Bext‖ =
√‖u‖

θB = − 1
2θu,

(8)

where θu is the orientation of u. Substituting (8) in (3) and (6)
we obtain:

m P̈+ bd Ṗ+
mg

Rc
P =

χeffV

μ0 LF
u. (9)

Finally, we define our controller as a proportional-integral (PI)
controller:

u = KP E+KI

∫ t

0

E dt, (10)

Fig. 5. Experimental system response to a quasistatic input. The equilibrium
position is measured as a function of the applied external field. A) A spiral in the
magnetic field (Bext) is applied (left) and the resulting equilibrium position of
the particle (Peq) is measured (right). B) Distance from the center as a function
of the applied magnetic field intensity. We fitted a quadratic function ‖Peq‖ =

67m/T2 ‖B‖2. The deviations from the quadratic model can be explained
by the spatial variation of the generated magnetic gradient. C) The angle of the
particle position (θP ) as a function of the orientation of the applied magnetic field
(θB). The measurements are in good agreement with the model θP = −2 θB .

Fig. 6. Experimental dynamic characterization. The distance from the center
(‖P‖) response to a step increase in the applied magnetic field (Bext) is measured
for a 3 mT and 5 mT step increase. The open-loop system settling time and
overshoot are 1 s and 20%, respectively.

where T is the target position, E = T−P is the error, and KP

and KI are the proportional and integral gains, respectively.

III. EXPERIMENTAL VALIDATION

The proposed actuation system and control strategies are
validated experimentally by controlling the movement of a soft
magnetic particle floating on the air-water interface.

A. Experimental Implementation

Experimentally, we utilized an arrangement of orthogonal
Helmholtz coil pairs, previously introduced by Thomas et al., to
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Fig. 7. Experimental closed-loop control results. A) System response to a step increase in the target position. The solid lines represent the particle position
(P = (Px, Py)), the dashed lines, the target (T = (Tx, Ty)), and the dotted gray lines, the closed-loop dynamic model step response. The closed-loop system
settling time is 3 s and the overshoot of the open-loop system, shown in Fig. 6, is eliminated. B) Externally applied magnetic field (Bext = (Bextx , Bexty ))
evolution corresponding to the transient response shown in the previous panel. C) Trajectory of the particle in a point-to-point control experiment writing the lab’s
initials ‘SRL’. The red curve represents the particle’s trajectory and the blue arrow is the applied external field (Bext). Please refer to Supplementary Video.

generate the required external magnetic field [32]. These coils
generate a mostly homogeneous magnetic field of up to 55mT
in any direction in a workspace of 65mm. The arrangement of
ferrite rods is placed in the center of the coil system, as shown
in Fig. 4. Therefore, the direction and magnitude of the external
magnetic field, and thus the resulting magnetic gradient, can be
controlled by adjusting the currents circulating through each pair
of coils.

The magnetic response of our particular arrangement of ferrite
rods (three rods placed symmetrically at 6.5mm from a common
center as shown in Fig. 3) is studied through finite element
simulations in COMSOL Multiphysics (version 6.0, COMSOL,
Inc, Sweden). By simulating the system response to different
applied magnetic fields in the geometric center of the workspace
we obtain:

B̃x =

⎡
⎢⎣1.160

0

⎤
⎥⎦ J̃x =

⎡
⎢⎣48 0 0

0 −48 0

0 0 0

⎤
⎥⎦m−1

B̃y =

⎡
⎢⎣ 0

1.16

0

⎤
⎥⎦ J̃y =

⎡
⎢⎣ 0 48 0

48 0 0

0 0 0

⎤
⎥⎦m−1. (11)

Replacing (11) in (2), we obtain (3) with LF = 9mm. The
controlled magnetic particle is an AISI 420 C stainless steel
sphere of 500 µm diameter. Although the magnetic response
can be accurately modeled numerically, modeling the capillary
and drag forces would require knowing precisely the meniscus
curvature and the particle immersion depth on the interface.
Since these magnitudes are difficult to measure and can vary
between experiments (because of contact angle hysteresis), we
estimate these values through experimental characterization.

B. Characterization

Two empirical characterization measurements are performed:
Static and dynamic characterization. The static characterization,
shown in Fig. 5, consists of varying the applied field (both in
magnitude and direction) while measuring the position of the
particle. Since the variation is slow (<2 mT/s), the particle can
be considered to always be in equilibrium. Notice that when the
applied field is weak (below 3mT), the distance of the particle to
the center is independent of the field orientation and quadratic
with the field magnitude (as ‖Peq‖ = 67m/T2 ‖B‖2). Using
(7), we estimate a meniscus curvature of Rc ≈ 19mm (approx-
imately twice the diameter of the water reservoir). On the other
hand, when the applied field is strong (above 3mT), there is
a coupling between magnitude and orientation, which can be
explained by the spatial variation of the magnetic forces. The
dynamic characterization, shown in Fig. 6, consists of measuring
the particle position response to a sudden increase in the applied
magnetic field. By fitting a second-order model to these transient
responses and comparing it with (6), we estimate bd ≈ 10mg/s.
This value is twice as much as we would obtain using the Stokes’
law, as it is known that partially submerged particles experi-
ence higher drag forces [33]. The open-loop system exhibits
an overshoot of approximately 20% and a settling time of 1 s.
Therefore, we implement a closed-loop controller to compensate
for unaccounted spatial variations of the magnetic force and
enhance the system’s transient response.

C. Closed-Loop Control

The control law (10) is implemented experimentally with
gains KP = 0.7mT2/mm and KI = 22mT2/(mms). The re-
sults are shown in Fig. 7. The empirical closed-loop step re-
sponse is in good agreement with the developed dynamic model.
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TABLE I
COMPARISON WITH OTHER ELECTROMAGNETIC ACTUATION SYSTEMS. WE

COMPARE THE MAXIMUM MAGNETIC FIELD (‖B‖MAX) THAT CAN BE

ATTAINED, THE GRADIENT-TO-FIELD RATIO (‖∇B‖/‖B‖), AND THE

ACCESSIBLE WORKSPACE SIZE

The closed-loop system exhibits a response with a settling
time of 3 s and no overshoot, which is an improvement over
the 20% overshoot of the open-loop system. The robustness
of the proposed controller is showcased by performing the
point-to-point control of the particle. Furthermore, we use the
particle’s trajectory to describe ‘SRL’ (which are the initials of
Surgical Robotics Laboratory) by changing the target once it
has been reached. Despite the spatial variation of the magnetic
force, the particle is successfully driven to different points of the
workspace with negligible steady-state error.

IV. DISCUSSION

In this letter, we propose a tunable magnetic trap as a new
kind of gradient-based magnetic actuation system, combining
remote electromagnets and a local arrangement of ferrite rods.
The remote electromagnets generate a homogeneous magnetic
field within the workspace, while the ferrite rods generate local
magnetic gradients. Due to the anisotropic magnetization of the
rods, the magnetic gradient in the trap depends on the direction of
the applied magnetic field, hence the name of a tunable magnetic
trap. The capabilities of the system are validated through the
closed-loop control of a soft magnetic particle floating on the
air-water interface. Because of the proximity of the rods to
the workspace, relatively weak magnetic fields (<5 mT) are
necessary to generate a strong enough magnetic gradient to
displace a 500 µm stainless steel particle against the meniscus
capillary force.

We compare the proposed approach with both external and
local magnetic actuation systems using the maximum magnetic
field and gradient, as shown in Table I. Although in the proposed
system, the applied magnetic field and the resulting gradient
are inherently coupled (which would make the simultaneous
position and orientation control difficult), it presents several
advantages. The main benefit of the proposed approach is that the

Fig. 8. 3D tunable trap concept. A) Proposed arrangement of ferrite for a 3D
trap. The arrangement consists of one vertical rod on top of the workspace and
three pairs of rods symmetrically distributed in thex− y plane. B) Characteristic
external field (Bext) to gradient (∇‖B2‖) map. A sphere in the field domain is
mapped into a cone-like shape in the gradient domain. Notice that the gradient
in the z direction is always positive.

electromagnets, being external, can generate higher fields com-
pared to miniature magnetic actuation systems, which would
enable the control of weakly magnetic components. On the
other hand, the local passive components can generate magnetic
gradients that, for the same field, are stronger (from 50% to
200%) than purely external systems. Moreover, in the tunable
magnetic trap case, the field-to-gradient map can be adjusted
for a targeted application by displacing the ferrite rods. For
example, approaching the three rods to the center would increase
the generated gradient in a reduced workspace.

The proposed approach of using local passive components
for the generation of magnetic forces opens the way for future
research directions. For example, the proposed system could
be used to control multiple particles on the air-water interface
exploiting magneto-capillary interactions [39]. This, however,
would require considering the spatial variation of the magnetic
gradients. On the other hand, the actuation principle can be
extended to 3D manipulation using an arrangement of ferrite
rods as the one shown in Fig. 8 in a 3D Helmholtz system.
Although the gradient in the z direction is always upwards, it
can be useful for levitating magnetic particles against gravity.
Finally, a tunable magnetic trap could be used to sort magnetic
particles in a microfluidic channel. Indeed, if the ferrite rods are
placed around a tube in which a fluid with suspended magnetic
particles circulates, then an external magnetic field could be
used to steer the particles in the suspension in a controllable
way.
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