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of electromagnets is presented. Instead of controlling the microrobot directly, we create equilibrium points in
the magnetic force field that are stable and attractive on the plane in which the microrobot is to be controlled.
The microrobot moves into these equilibrium points rapidly in presence of low viscous forces, and thus
controlling the equilibrium points let us control the microrobot precisely. An unit/cell in the array of
electromagnets allows precise control of the microrobot in the unit/cell’s domain. Motion synthesis across
multiple overlapping domains allows control of the microrobot in large regions across the array. We perform
numerical analysis and demonstrate the control of the ferromagnetic microrobot using the proposed method
through simulations.
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A Scalable Strategy for Open Loop Magnetic Control of Microrobots
Using Critical Points
Luis Guerrero-Bonilla1 , Subhrajit Bhattacharya1 and Vijay Kumar1
Abstract— A novel scalable strategy for open loop control
of ferromagnetic microrobots on a plane using a scalable
array of electromagnets is presented. Instead of controlling
the microrobot directly, we create equilibrium points in the
magnetic force field that are stable and attractive on the plane
in which the microrobot is to be controlled. The microrobot
moves into these equilibrium points rapidly in presence of low
viscous forces, and thus controlling the equilibrium points let
us control the microrobot precisely. An unit/cell in the array of
electromagnets allows precise control of the microrobot in the
unit/cell’s domain. Motion synthesis across multiple overlapping
domains allows control of the microrobot in large regions across
the array. We perform numerical analysis and demonstrate the
control of the ferromagnetic microrobot using the proposed
method through simulations.

I. INTRODUCTION AND PROBLEM STATEMENT
In recent years there has been significant interest in the
design and control of microrobots. Typically these are submillimeter scale particles requiring precise motion control.
Precision control of such microrobots has vast applications
in various areas of medicine such as cell manipulation [16],
precision micro-surgery and targeted drug delivery [8], [5].
The primary challenge behind developing such a system is
however the difficulty in actuation and control at the submillimeter scales. Typically this is achieved using some form
of external actuation.
Micro-bio robots (MBRs), for example, are microstructures with attached flagellated bacteria, which can be controlled by intermittently exciting or inhibiting the bacteria
using electric fields [14], [10], magnetic fields [12] or UV
light [15]. However, using biological systems, such as bacteria, as the instrument for controlling microrobots has the
disadvantages of being unreliable, difficult to manufacture,
model and control, and unsuitable for use in applications
such as medicine and surgery.
The alternative, and unsurprisingly widely studied, method
for controlling microrobots is to use external fields, in particular electromagnetic fields. Pure electric fields have been
used to control charged colloidal particles [4] using electrokinetic transport mechanisms. More commonly, magnetic fields
are used to manipulate microrobots since magnetic fields
are easy to create and manipulate using electromagnetic
coils [5], [11], [13], [7]. While a variety of strategies have
been proposed, all the current methods in literature attempt
to control the instantaneous acceleration of the robot by
manipulating the force field due to the interaction of the
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magnetic field with the robot’s magnetic moment. In a low
Reynolds number system this allows quasi-static control of
the microrobot when the viscous forces are significantly
higher than the inertial forces. This strategy requires a
feedback loop (usually through a camera) that would allow
control of the magnetic field (and its gradients) in a desired
way at the current location of the microrobot. The number
of magnets requires for achieving such controllability of
the magnetic field at arbitrary points in space has been
determined [11], and the approach has even been used to
control multiple microrobots [1], [9], [2].
However, a major drawback of the aforesaid strategy is that
a precise control of the microrobot requires that the robot be
slow-moving and there be a high frequency feedback loop.
Since the robot is moving under the influence of a non-zero
force all the time, a fast-moving microrobot may be difficult
to control in high Reynolds number environments. Although
critical points (or static equilibrium points – points of zero
force) are typically present in the force field, very often those
can be unstable or saddle, and bifurcations in the critical
points has made the past literature to mostly avoid the critical
points when addressing the problem of microrobot control,
rather than exploiting them. In this paper we tackle that
very problem head-on, and propose a method for controlling
the micro-robots by exploiting the critical points. Instead
of trying to compute the coil currents that would generate
the magnetic field for the required acceleration/force at the
instantaneous position of the microrobot, we propose the
creation a stable critical point at the desired position of the
microrobot. If the microrobot is within the basin of attraction
of the stable critical point, it will move to and stabilize at
that position. It is particularly beneficial in relatively high
Reynolds number situations where the microrobot can be
fast moving. In addition, this approach allows us to reliably
move the microrobot without relying on a high-frequency
feedback.
Due to the Earnshaw’s theorem for magnetic fields [6],
it is actually impossible to create a stable critical point in
the 3-dimensional Euclidean space for the force acting on
a ferro-magnetic microrobot. However, if the microrobot is
constrained to move along a plane, it is completely possible
to have a critical point on the plane that is stable along the
plane. In this paper we thus consider the microrobot to be
constrained to move on a plane. Manipulation of particles
using stable manifolds and limit cycles in force fields induced
by magnetic fields is not a new idea. In fact magnetic
levitation and control of plasma in particle accelerators is
based on similar principles. In those cases, however, either

super-conducting materials are used to create spatial stable
equilibrium or the particles are constrained to move in a limit
cycle rather than stabilizing in a critical point. We believe
that within the microrobotics community this is the first time
that this idea is being used for manipulating and precisely
controlling ferromagnetic microrobots.
The paper is organized as follows. Section II describes
the forces on what will be considered a microrobot due to
its interaction with a magnetic field. Section III describes the
selected coil arrangement and the strategy to manipulate the
currents in each coil. . Section IV shows experiments and
results. Section V has the conclusions and future work.

For the purposes of this paper, a microrobot will be
modeled after a particle with a magnetic dipole moment m
of constant magnitude m. Assume that there is a magnetic
field B in the surrounding space. Then, the force on the
microrobot is given by

II. FORCES ON A MICROROBOT IN A MAGNETIC
FIELD

An example of the force field described by equation (5) is
shown in Fig. 2.

F = ∇(m · B)

(4)

To simplify our analysis, we will assume that the dipole
moment of the particle orients itself instantaneously in the
direction of B, so that
F = m∇(kBk)

(5)

A. Theory
The components of the magnetic field Bi created by a
single coil of radius R with current Ii centered at the origin
are given by

Bxi

Byi

µ0 Ii R
=
4π

Z

µ0 Ii R
=
4π

Z

2π

z cos θdθ
h

0

i 32
2
2
(x − R cos θ) + (y − R sin θ) + z 2
(1)

2π

z sin θdθ
h

0

2

2

(x − R cos θ) + (y − R sin θ) +

z2

i 32

(2)

Bzi

µ0 Ii R
=
4π

Z

2π

(R − x cos θ − y cos θ) dθ

h
i 23
2
2
(x − R cos θ) + (y − R sin θ) + z 2
(3)
where µ0 is the permitivity constant of air, Ii is the current
through the coil i, x,y and z are the coordinates at the point
in space where the equations give the value of the field.
A reference to the theory behind this equations is [6] . An
example of the magnetic field produced by a single coil is
shown in Fig. 1.
0

Fig. 2. Force field of a circular coil of radius 0.025 m centered at the
origin, on a plane 0.02 m above the plane of the coil, acting on a dipole
moment of magnitude m at different locations on the plane. The current is
0.02 A flowing counterclockwise.

The total force on the microrobot is calculated by adding
the magnetic
Pn fields of each coil in the arrangement, such that
B = i Bi . To analyze the stability of these equilibrium
points, we calculate the Hessian matrix
#
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and select the currents that make both eigenvalues of H
negative.
B. Numerical method
The gradient of B can be expressed in terms of integrals
using Leibniz’s rule, and since the integrals and its derivatives are only functions of the variables θ, x, y and z, the
integrals can be evaluated numerically at any desired position
in space to express the force as polynomials in the currents
Ii .
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Fig. 1. Magnetic field of a circular coil of radius 0.025 m centered at the
origin, on a plane 0.02 m above the plane of the coil. The current is 0.02 A
flowing counterclockwise.

(6)

(7)

To solve the integrals numerically, we used MATLAB’s
ode45 function. The necessary currents to obtain static
equilibrium points can be obtained by solving F = 0 using
methods such as [3].

III. COIL ARRANGEMENT AND CURRENT
MANIPULATION
Diverse arrangements for coils were simulated. The selected arrangement in this paper to show the idea behind the
position control strategy is shown in Fig. 3.
Fig. 6. A cualitative depiction of a stable static equilibrium in section I
and the force field surrounding it.
Section
I
II
III
IV
V
VI
Fig. 3.

Coil arrangement

where the circles represent coils each of radius R. The plane
on which the microrobot lies is parallel to the plane of the
coils and at a distance zp above it. This arrangement allows
to create stable static equilibrium points within the triangle
ABC, and it is easily scalable, as we discuss next.
The triangle ABC can be broken into sections as shown
in Fig. 4. Because of the symmetry, it is only required to
analyze one of the sections to obtain the necessary currents
to create stable equilibrium points in it.

Fig. 4. Sections I to VI of the triangle connecting the center of each coil.

Let us label the coils the same as the location of their
centers, A, B and C, and let current I1 flow through coil A,
I2 through coil B and I3 through coil C. Consider now a
sampling of section I, as shown in Fig. 5

Transform position to Section I by...
Applying identity operator
Reflect on y − x tan π6
Reflect on x = 0
Rotate on the z axis by − π3
Rotate on the z axis by π3
Reflect on y + x tan π6
TABLE II

P OSITIONS ON SECTION II TO VI HAVE TO BE TRANSFORMED TO
SECTION I TO USE THE CORRESPONDING CURRENTS .

Based on the currents obtained in section I, it is possible
to infer the currents to create the equilibrium points at the
relative same locations in the other sections. To do this,
desired position in any section can be transformed to section
I by reflecting or rotating the coordinates. As an example,
Fig. 7 shows a static stable equilibrium in section II at
the position obtained by reflecting the equilibrium point on
section I shown in Fig. 6 on the line y = tan π6 x or, had
it been desired to located in some other position in section
II, by reflecting such a position into section I and obtaining
the necessary currents to create it in section I. In section
II however, while I1 stays the same, the roles of I2 and I3
∗
∗
are interchanged: I2 = I3xy
and I3 = I2xy
. Table I and
Table II summarize how to transform positions and select
currents among the sections of the triangle, using section
I as reference. This symmetry can be exploited twofold:
It is enough to analyze one section of the triangle for the
identification of the parameters of the system, and obtaining
experimental data of points in one section gives the current
information for the corresponding point in a different section.

Fig. 7. A cualitative depiction of a stable static equilibrium in section II
and the force field surrounding it.
Fig. 5.

A sampling of section I.

Let I1 be the constant value I1∗ . The values of I2 and I3
to obtain a stable static equilibrium at the sampled positions
∗
∗
(x, y) can be solved for. Call these values I2xy
and I3xy
respectively. Fig. 6 shows such an equilibrium in section I.

For a given position, the solution for currents that create
a static stable equilibrium point is not unique. The currents
to apply are selected so that the change in current between
adjacent points is minimum. Note that the selected arrangement of coils is scalable: more coils can be added so that

Section/Current
I1
I2xy
I3xy

Section I
I1∗
∗
I2xy
∗
I3xy

Section II
I1∗
∗
I3xy
∗
I2xy

Section III
∗
I2xy
I1∗
∗
I3xy

Section IV
∗
I3xy
I1∗
∗
I2xy

Section V
∗
I2xy
∗
I3xy
I1∗

Section VI
∗
I3xy
∗
I2xy
I1∗

TABLE I
T HE CURRENTS I1 , I2 AND I3 TAKE DIFFERENT VALUES DEPENDING ON THE SECTION WHERE WE WANT TO CREATE STATIC EQUILIBRIUM POINTS .
O NCE THE DESIRED POSITION IS REFERRED TO S ECTION I, THE CORRESPONDING VALUES OF CURRENT SHOWN MUST BE APPLIED .

the area where stable static equilibrium points can be created
increases. To control a single microrobot, only 3 coils have to
be powered at a given time to create equilibrium points at the
desired positions, no matter the location on the arrangement
or the size of it.

Fig. 9.

Fig. 8.

Microrobot following a circular path.

A hexagonal area to control the microrobot using 7 coils.

The strategy to control the motion of a microrobot consists
on creating equilibrium points close to the position of the microrobot in order to steer it in the desired direction. Since the
equilibrium points are stable, the microrobot is guaranteed
to move towards them: the motion of the microrobot can
be controlled by creating sequences of equilibrium points
describing the desired path.
IV. OPEN LOOP SIMULATIONS AND RESULTS
An arrangement of three coils in the corners of an equilateral triangle inscribed in a circle of radius R = 25 mm was
simulated. I1∗ was set to 0.02 A, and the distance from the
coils to the plane of the microrobot was set to zc = 0.02 m.
The dynamics of the microrobot were assumed to be first
order dynamics of the form ẋ = kF, where x is the position
vector of the microrobot, F is the vector of forces on the
plane acting on the microrobot, and k was set to 10000.
Fig. 9 and Fig. 10 show the microrobot with initial position
at the top vertex of the triangle following a circular path with
desired entrance position at the right of the circle. Note that
the path goes over all the sections of the triangle. The red
circles are the successive static equilibrium points created to
drive the robot, whose path is displayed in blue. Fig 10 shows
how the particle goes from equilibrium point to equilibrium
point following the vector field of each equilibrium.
Fig. 11 and Fig. 12 show the robot following a sinusoidal
path with increasing amplitude, again crossing through all
the sections of the triangle. In Fig. 11 the equilibrium points
were created with an increasing separation from one another.

Fig. 10.

Zoom in of a microrobot following a circular path.

Since the field created around each equilibrium point does
not necessarily drives the robot in a straight line towards the
equilibrium, the robot may stray away from the desired path.
To correct this, equilibrium points closer to one another can
be created, as shown in Fig. 12.
V. CONCLUSION AND FUTURE WORK
As future work, and immediate goal will be to proceed
with experiments to test the algorithm, together with a
control system capable of creating an equilibrium point in
the desired position, without having obtained the current
values experimentally previously. In lieu of a stable static
equilibrium point sensor, visual feedback shall be used.
The interpolation of currents from measured currents and
positions giving stable static equilibria should be studied.
Also, the posibility of controlling more than one microrobot
will be explored.

Fig. 11.

Microrobot following a sinusoidal path.

Fig. 12. Microrobot following a sinusoidal path with equilibrium points
closer to each other.
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