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Abstract

This paper presents a new strategy for simultaneous control of multiple magnetic Micro Robots (MRs) improving stability
and robustness with respect to external disturbances. Independent control of multiple MRs, can enhance efficiency and allows
for performing more challenging applications. In this study, we present a system consisting of a Helmholtz coil and 2N
Permanent Magnets (PMs), rotated by servomotors, to control several MRs. We have also improved the system’s stability by
adding a larger MR (stabilizer MR). This MR can be moved all around the workspace and works as a moving internal mag-
netic field source. Thanks to this moveable magnetic field, other MRs are more stable against environmental disturbances. By
simulating simultaneous and independent control of multiple MRs, we demonstrate the advantages of using the stabilizer MR
(more than 20 percent reduction in tracking error and control effort). In addition, we evaluate experimentally our proposed
method to independently control the position of three MRs using a stabilizer MR demonstrating the efficacy of the strategy.

Keywords Magnetic microrobots - Permanent magnet - Stabilizer microrobot - Simultaneous and independent control

1 Introduction

Small-scale robots, with dimension less than 1-mm, have
been widely studied because of their amazing potential
applications in different fields including medicine [1, 2],
small-scale fabrication [3-5], sensors and wireless data
transmission [6, 7]. By recent technological advance-
ment, MRs will be manufactured in different dimensions
and shapes [8—10]. For controlling MRs, various external
energy sources have been used such as light [11, 12], acous-
tics [13—15], electric field [16] and charge [17], magnetic
field [18-20], and their combination [21]. The magnetic field
is the most commonly used actuation system, because it can
penetrate body tissue without causing any side effects, and
can be produced by different equipment such as permanent
magnets and electromagnetic systems in a variety of ways
such as rotating or oscillating fields [22, 23]. By control-
ling multiple MRs simultaneously, more complicated tasks
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with higher accuracy and speed can be done. However due
to the small size of the workspace and the proximity of the
MRs, control of multiple MRs is challenging. Furthermore,
accurate control is difficult due to uncertainties in the system
model and disturbances in the workspace.

Previously reported researches in the field of simultane-
ous control of MRs using magnetic fields can be divided
into three categories. In the first group, the same control
input applied to all MRs, but due to their different physi-
cal properties, their motion will be distinct. As these MRs
responds differently to the applied magnetics field, simul-
taneous control is achievable with suitable design. In most
papers, the movement of these MRs is not entirely independ-
ent and is influenced by the ratio of their physical charac-
teristic [24, 25]. However, certain studies introduce tech-
niques for achieving fully decoupled independent motion.
These methods involve immobilizing all microrobots except
the intended one, allowing for the exclusive movement of
a single MR while the others remain fixed [26, 27]. The
second category belongs to the MR control with customized
surfaces which can create local fields and gradients. As an
example, by employing an array of planar coils, one can
move a specific MR while the other MRs remain stationary.
This strategy is only suitable for two-dimensional move-
ments [28-30].
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In the third category, control inputs should be different
at the position of each MR which is a challenging problem
due to the proximity of the MRs. Despite the difficulties
of this method, it does not have the drawbacks of ear-
lier methods and can lead to a more accurate independ-
ent three-dimensional control of MRs. In the previous
works in this category, usually two MRs are controlled
in-plane [31, 32], and in cases where the movement is
three-dimensional, the system is over-actuated, and the
number of control inputs exceeds the system states. For
example, Ungaro et al. [33] developed a system that uses
nine electromagnetic coils to control two MRs in three
dimensions. Another challenge in simultaneous control is
inter-agent forces which is ignored in most cases. In [18],
Yousefi et al. proposed a fully actuated setup to control
two MRs independently and simultaneously using four
rotating PMs in two dimensions. But the MRs were con-
sidered widely apart in this study, and the forces between
them are ignored. In [34], to account for disturbances
and the model's uncertainties, a sliding mode controller
was introduced. In [35], Salehizadeh et al. controlled two
MRs in three dimensions using the force between them.
However, increasing the number of MRs in this method
increases the inter-agent forces computations, and makes
the simultaneous control very complicated.

Despite significant progress and efforts in the field of
simultaneous control of MRs, this topic requires additional
research due to its importance and numerous applications.
Due to existence of external disturbances on the micro
robots, despite controller performance, they easily exit
from their desired positions. Furthermore, the field cre-
ated by the PMs and electromagnetic coils is highly influ-
enced by their distance from the workspace, and precise
motions will be more difficult by increasing the distance.
The main contribution of the present work is proposing
a novel idea in the control of multiple MRs by adding a
dummy microrobot which increases the stability of the
MRs in keeping their positions. Moreover, by adding a
larger MR with more magnetization relative to the main
MRs, some advantages of using special surfaces such as
having a controllable magnetic field source inside the
workspace are achieved, which leads to an increase in the
stability of the MRs and reduction in the control effort.
Also, the number of control parameters is equal to the
number of variables and the setup is fully actuated. Totally
the proposed setup, improves the stability, reduces the con-
trol effort while decreasing the positioning error. The setup
includes rotatable PMs that create the required magnetic
field inside the workspace, and a Helmholtz coil that aligns
MRs similarly. The PMs angles are determined based on
some simple calculations, which speeds up the control
loop. In summary, the main contribution of the present
study is introducing and adding a stabilizer microrobot to
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the workspace to improve the control system performance.
These improvements in the control system performance
includes.

e Improvement of stability: the microrobots can remain in
their desired position with higher stability and lower sen-
sitivity to external disturbances. This also leads to lower
positioning error where the simple microrobots can better
follow their desired positions.

e Reduction of the control effort: the actuation system
needs a lower energy consumption to perform a control
scenario for positioning of the microrobots with respect
to the case where the stabilizer microrobot is not present.

The paper is structed as follows. Section 2, introduces the
setup, and describes the relations in general form. Also, the
advantages of using stabilizer microrobot is described in this
section. Section 3 presents the simultaneous and independ-
ent control of 4 MRs theoretically. In Section 4 experimental
results of simultaneous control of three MRs are presented.
This paper is concluded in last section.

2 System Description

Here, the design of the actuation system is explained, and
the required relations and the control method are presented.

2.1 Setup Specification

A Helmholtz coil and rotating PMs are included in the sug-
gested setup, and they are both symmetrically spaced out
from the workspace's center, to ensure that all locations of
the workspace have approximately the same condition for
controllability to have uniform actuation of the microrobots
throughout the workspace (Fig. 1). The advantage of using
PMs to control MRs instead of electromagnetic coils is that
the magnetic field and gradient can be increased regardless
of temperature limitations [36]. In addition, a stabilizer MR
is used to create a moving magnetic field source and provide
a better control of local magnetic field. This stabilizer MR
can create some additional stable equilibrium points inside
the workspace. If all the MRs can be aligned in the same
direction, it can be shown that the control of MRs will be
much simpler. So, a Helmholtz coil is utilized to generate a
magnetic field that is much higher than the ones generated
by PMs, aligning MRs perpendicular to the plane.

The PMs’ centers are on the horizontal two-dimensional
workspace plane. They generate the desired magnetic field
gradient to move MRs, while the Helmholtz coil fixes the
MRs orientation.
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Fig. 1 The proposed setup

for controlling multiple MRs
consists of servomotors to rotate
PMs and a pair of Helmholtz
coils to align the MRs along the
z-axis

Simple MR

Stabilizer MR

2.2 Magnetic Field Relations

The magnet can be modeled as a simple dipole. For a cube-
shaped PM at a distance twice its side length, the inaccuracy
due to this approximation is less than 1% [37]. The follow-
ing equations show the magnetic field vector (B) and gradient
matrix (G) considering this simplification:

tol |
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where py, and J are the air permeability and the identity
matrix respectively, r and 7 are position vector, and its cor-
responding unit vector. m,,,, and m,,,, are the PM magnetic
moment, and its corresponding unit vectors. Magnetic force
(f,,) and torque (z,,) can be calculated as follows:

Sn=(m, VB 3)

Helmholtz coil

permanent magnet (PM) workspace
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“

In these equations, m,,, is the MR magnetic moment. In
the suggested setup, the Helmholtz coil aligns all the MRs
by providing a large uniform field in comparison to the PMs
magnet field. As a result, the force exerted on a particle with
a magnetization of m,,, can be represented as:

[G1{B}
IB|

Jn= &)

72|

2.3 Controller Design

Based on the presented equations, it can be deduced that
if the PMs and the MRs are oriented in the same direction,
each of the PMs repels the MR, resulting in a stable equi-
librium point in the workspace. It is also possible to create
the desired force at a specific point using the proposed
setup. By increasing the number of the stable equilibrium
points, controlling multiple MRs will be easier. This will
be done by adding a small floating PM as a stabilizer
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microrobot among the ordinary MRs. The position of the
stabilizer MR is affected by the magnetic field, and this
robot moves in the workspace due to the magnetic forces,
but it should be noted that the stabilizer microrobot posi-
tion is not directly controlled. In fact, its position remains
uncontrolled, and it does not follow a predetermined tra-
jectory. This MR has a higher magnetization than other
MRs, and creates more stable equilibrium points in the
workspace.

By defining / and @, as the PM distance from the work-
space’s center and its angle in respect to the x-axis, the
position of each actuator in the cartesian coordinate can be
represented by [l.cos(@;), l.sin(@;), 0]. Equation (5) can be
employed to calculate exerted force by the first PM (with the
orientation [0, sin(,), cos(6,)]) on a MR located at [x, y, 0]
and oriented toward the z-axis as follows:

0 3”O|mmr| mpm) 1 (x - l).COs(Bl)
S = |mmr|G1,l 0p= . y.cos(6,)
1 |ral y.sin(8,)

(6)
where 6; and r;; are the rotation angle of the PM; and the
distance between PM; and MR;, and G;; and f,, ; are the
magnetic gradient and force on the MR; by PM,. By ignoring
the z-axis forces due to the 2D motioﬁ constraint, the equa-

tion is rewritten as follows:

X 1 (xv)
f = =(r"))cos(0,)
|r(1)3/>| (7
3uy|lm
Cp= |mmr|M (8)
T

Superscripts xy, stands for the planar terms, and the Cg
is the force coefficient. Rewriting this equation for all PMs
results in the following formula, which can be used to cal-
culate the magnetic force acting on the first MR:

2XN 2XN u
(X)) i (xy)
Fulo)) = z‘,f,,,,1 pi) =Cr 2:, |r(xy)|5<r,.,1 ) ©)
i1

L,

Here, N is the total number of simple MRs, and 2N is the
total number of PMs based on the assumption that the sys-
tem is fully actuated. u; is the control parameter, and f ;)
is the sum of the PM forces on the MR;, which located at
point p; and oriented toward the z-axis. Each PMs rotation
angle is converted to the control parameter as follows:

u; = cos(,) (10)

The magnetic force exerted by the PMs on the MRs can be
expressed as follows by rewriting above relations for all the MRs:
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where, u,y,, and A,y,,y are the control vector, and the
actuation matrix. (Fp;),ys represents the total magnetic
forces exerted on MRs in each direction, which represented
by the x and y superscripts. The stabilizer MR also exerts
a force (F), which may be measured similarly to the force
exerted by the PMs. Along with these forces, the MR also
experiences drag force, which is a function of the fluid's
viscosity and drag coefficient. This drag force (f,) in the
low Reynolds condition is obtained as follows:

fa=—uKv s5)

where p is the fluid viscosity, K is the drag coefficients
matrix, and v is MRs velocity. This equation can be rewrit-
ten for all MRs and limited in 2D similarly to magnetic force
as follows:
Fy==Clviv . vyvy]=-CX (16)

In the above relation, X,y is the time derivative of
the position of the MRs, and F, is the drag forces vector.
In the low Reynolds regime, drag forces are superior and
inertial forces can be neglected. By ignoring the forces
between the simple MRs, the force equations can be writ-
ten as follows:

Fpy+F, +F,;=0—- F,,=CX-F, a7)

Current (r;) and desired (r,,,;) positions of MRs are
used to estimate the required force to move this MR toward
its desired position (f ;) using a PI controller as follows:

fdes,j = Ci‘des,j + kp (rdes,/' - rj) + ki / (rdex,/' - rj)dt (18)

In the above relation, kl, and k; are the controller coef-
ficients. By writing this equation for each MR (F,,), PMs
angles can be obtained using Eq. (11) as follow:
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uy =A"'Fy, (19)
mg -
uy,=(—A) F; (20)
pm
u=auy—u 1)

In the above equations, u,, is the input required to create
the desired force to compensate error and u, is the input
required to overcome the force of the stabilizer MR. The
coefficient  has been added in Eq. (21) to ensure that the
results are in the range between -1 and + 1. If the value of
uy — u, is outside the assumed range, after the correction
using a, the direction of the desired force will remain
unchanged but its magnitude will be smaller.

When constructing these equations, we presupposed
that all the parameters are well-known and that there is no
environmental uncertainty. Furthermore, the interaction
between simple MRs and their deviation from the z-axis
are neglected. Since external disturbances and model
uncertainties are unavoidable under practical conditions,
a basic PI controller may not be sufficient. We address
this problem by adding a stabilizer MR to the system to
improve its stability.

2.4 Advantage of Using a Stabilizer MR

Using the stabilizing MR in the workplace has two main advan-
tages. The first one is improving the system’s stability and the
second one is reducing the control effort. If there is no stabilizer
MR in the workspace, any force disturbance can exit the MRs
from their desired position. Also, the PMs need to rotate continu-
ally to return the MRs to their final positions, which will increase
the control effort. Also, if all the MRs have reached the target
point, then the actuating magnets must be adjusted in angular
positions which do not exert any forces on the MRs. As a result,
the MRs may move away from their target point due PMs angles
error or by any disturbance force in the workspace. A stabilizer
MR will add some stable equilibrium points. When the MRs
approach the stabilizer MR or PMs, the repulsive force exerted
on MRs increases to return them to their equilibrium point.

To determine the system’s equilibrium points, the first step
involves finding the position of the stabilizer microrobot within
the workspace using Eq. (9). Then, by considering F; = 0, we
can identify the remaining equilibrium points using Eq. (17).
These equations exhibit a highly nonlinear nature. For example,
when we have four perfectly aligned PMs in the z-direction, the
stabilizer microrobot will rest at the center due to symmetric
forces. If we wish to find the equilibrium point's location in pres-
ence of stabilizer MR, Eq. (17) can be rewritten as follows:

(22)

my cos(As)
. cos(A) | ©08(A;) | cos(dy) _ cos(A,) Mpyy
x: Cp 2 2 2 ) 2 =0
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. ) . . : sin(As)
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Ay=tan (). By = (=27 + 72 (23)
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As =tan_l(f—;>,35 =x +y?

The left-hand side of the second Eq. (22) represents the
magnetic force exerted in the x and y-direction by the PMs
and the stabilizer microrobot respectively. Finding analyti-
cal solutions for the equation to determine the values of x
and y is challenging due to the presence of nonlinearity.
As a result, we employ a numerical approach to identify
the equilibrium points and forces within the workspace.

For better understanding, some simulations were con-
ducted in the presence of four PMs and a stabilizer MR in the
workspace. In this case, the magnetization of the PMs is

considered 100 times that of the stabilizer MR
(ms/ Mpy = 0.01) and their distance from the workspace
center is/ = 20cm. All PMs are at zero-angle and are exerting
maximum force to MRs based on Eq. (7). The center is the
equilibrium point because the PMs angles are equal, and the
stabilizer MR will move to this location. After that, 8 more
equilibrium points will be formed in the workspace by stabi-
lizer MR. The position of these equilibrium points is depicted
in the Fig. 2a. In this figure, the blue dot indicates the stabi-
lizer MR and the cross symbols indicate locations where
there is no force in the radial direction. As indicated in
Fig. 2a, locus of such points is a circle. If the MRs are posi-
tioned on this circle, they will not move away from the closed
curve, but rather toward equilibrium positions (points where
no force will be applied to the MRs—blue circles). The unit
vector of magnetic force applied to the MRs is displayed in
the workspace in the second figure. The four equilibrium
points on the x and y axes are unstable, while the four
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Fig.2 The four PMs and a a b
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diagonal equilibrium points are stable. In general, it can be
said that the equilibrium points on the stabilizer MR and the
PMs cross line are unstable, because both the stabilizer MR
and the PM forces are such that pushes the MRs away from
these positions. The magnitude of the force in the workspace
is also depicted in Fig. 2c. According to this figure, as one
moves away from the equilibrium point, the magnitude of the
forces increases. The corresponding spring coefficient is
illustrated in Fig. 2d by dividing the force magnitude by the
distance to the near equilibrium point. If the MRs move away
from their equilibrium point, the existing force field returns
them to the equilibrium position.

In the simulation section, it is shown that the presence
of the stabilizer MR magnetic leads to the reduction of
the control efforts. The equivalent spring coefficient for
the equilibrium point in the workspace is obtained using
force field and is as follows:

0.6226 0.5689

_ -3
K =10 [0.5689 0.6226 ]N /m 24

This matrix is symmetric and positive definite and the
eigenvalues of this matrix are 0.0001 and 0.0012, indicating
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the stability of the equilibrium point. The influence of the
number of PMs and the stabilizer MR and PMs magnetiza-
tion on the equilibrium point position is shown in the Fig. 3.

In this figure, § is the ratio of the stabilizer MR mag-
netization to the PMs magnetization, and y is the distance
between the stabilizer MR and the equilibrium point
divided by the distance from the PM to the workspace
center. According to the figure, by increasing the mag-
netization of the stabilizer MR, the distance between the
equilibrium point and this MR will increase. Also, as the
number of magnets increases, the force toward the center
increases, and as a result, this distance decreases. Totally
it can be deduced that the magnetization of the stabilizer
MR is a design parameter to achieve the desired location
of the equilibrium points.

Another benefit of utilizing a stabilizer MR is that it can
improve the precision of adjusting the exerted force on the
MRs. When a PM's angle is zero, the difference in force
exerted by it when rotating a specific amount is at its highest.
By adding a stabilizer MR, the PM should rotate to over-
come this magnetic force. So, the force resolution applied
to the MRs is reduced, and higher movement resolution can
be achieved.
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Fig.3 The influence of the 55
number of PMs and stabilizer
MR and PM magnetization ratio
() on distance between the sta-
bilizer MR and the equilibrium 50 -
point divided by the distance
from the PM to the workspace
center (y)
45 -
40 r
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35
30 -
25
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3 Simulation

To evaluate the feasibility of the suggested concept, the
simultaneous control of four MRs with eight PMs is simu-
lated twice, with and without the stabilizer MR. If the sta-
bilizer MR is not used, the relations are the same as in the

Table 1 Simulation parameters

Parameter Value Unit
Number of MRs 441 -
Number of PMs 8 -
PMs distance to workspace center 20 cm
MRs magnetization 1x10™ A.m?
Stabilizer MR magnetization 8x 1072 A.m?
PMs magnetization 8 A.m?
Winding magnetic field 10 mT
Radius of MRs 0.4 mm
Radius of stabilizer MR 1 mm
Fluid viscosity 0.01 Pa.s

B (%)

previous section, with the exception that the influence of
stabilizer MR 1is no longer considered. Table 1 shows the
simulation parameters:

Additionally, because of their disk form, the MRs' drag

coefficient (C) is calculated as follows [38]:
C= 13—6 ud 25)
d is the diameter of the disk. In the simulation, MRs move
on the water surface. The rotation resolution is 0.01 degrees
and the position determination precision is 0.1 mm. MRs
track square shape trajectories, and all MRs have an ini-
tial error. The position of MRs along the path is shown in
Fig. 4. As can be seen, using a stabilizer MR allows the
other MRs correct their initial error faster. The stabilizer MR
moves slightly with respect to the MRs, due to the higher
drag coefficient.

Figure 5 indicates the PMs angles. As can be seen, the
PMs were able to drive the MRs toward their target loca-
tion by applying the magnetic field determined based on
the analytical solution presented in the previous section. In
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Fig.4 Position of microrobots 70"
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presence of the stabilizer MR, once the MRs reached their =~ MR. PM’s angle oscillation is due to the resolution of the
destinations, the PMs angles will be a value other than 90  control of the servomotors angular position. In the presence
degrees to compensate the force produced by the stabilizer  of the stabilizer MR, the oscillation of PM angles reduces

Fig.5 Angles of permanent PM Angles in (Deg)
magnets in simultaneous control —With Stabilizer MR
of 4 microrobots with and with- 150 —Without Stabilizer MR
out stabilizer microrobot 100
> <'100
50
0 50
0 20 40 0 20 40
| 150 |
100
co <
1
S 80 < 100
0 20 40 0 20 40
100 150
%m %(O
80 100
0 20 40 0 20 40
100
150
N~ =)
) )
50 100
0 20 40 0 20 40
time (s) time (s)
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Fig. 6 Position error of microrobots in simultaneous control of 4 microrobots with and without stabilizer microrobot

since in this case an equilibrium zone around the MRs is
formed. Figures 6 and 7 depict the error for each MR as well

Error in (mm)

| —With Stabilizer MR |
<~ 30 ——Without Stabilizer MR
=
wi
0
0 10 20 30 40
50 - 1
>
=
Wi
0
0 10 20 30 40
100 T :
= 50F B
W
0
0 10 20 30 40

time (s)

Fig. 7 Total positional error in simultaneous control of 4 microrobots
with and without stabilizer microrobot

as the total tracking error. Despite the initial error, the MRs
have successfully followed the desired trajectory. In addi-
tion, when a stabilizer MR is used, other MRs compensate
their initial error more quickly.

More details about the advantages of using a stabilizer MR are
shown in Table 2. It can be seen that by using the stabilizer MR, the
rise time and the control effort (integral of PMs angular velocity)
will decrease about 25% and 22% respectively. Also, the stabilizer
MR magnetic field increases the stability of the system and reduces
the tracking and final error by 20% and 24% respectively.

It should be noted that these results are dependent on
different parameters, such as MR and PM magnetization,
MR drag coefficients, PM distance from workspace center,
and travel path. If the path were set in such a way that

Table2 Comparison of the effect of using stabilizer microrobot in
simultaneous control simulation of 4 microrobots

Parameter Unit  With Without
stabilizer stabilizer
MR MR

Rise time s 4.40 5.90

Control effort - 6408.7 8162.7

Tracking error mm 0.98 1.23

(after initial error compensation)
Final position error mm 0.85 1.12
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motor
=N

=

Fig.8 Proposed setup for simultaneous control of three microrobots
in a plane consists of six PMs and a Helmholtz coil

the MRs got closer to each other, more force would be
required to overcome the stabilizer MR, and more control
effort and time would be spent. For better illustration of
the proposed method performance, a simulation for inde-
pendent control of more MRs (12 MRs with 24 PMs) has
been done, and the clip of these simulations is available
in the supplementary material. Also, in the experiment
section, three MRs have been controlled simultaneously to
verify the idea with a different number of MRs.

4 Experiment

To assess the proposed method efficacy, we experimen-
tally implemented the simultaneous control of three MRs
(N = 3). The magnets are grade N42 and made of NdFeB
cubes with dimensions of 2Cm and are placed 12Cm away
from the workplace center. The DynamixelMX — 12W
servo motors are used to rotate the PMs. The position of
the MRs is estimated from a camera mounted above the
workspace, and a RaspberryPi4 board is used to calculate
the required forces based on the PI controller. Then, PMs
angles are obtained using the analytical solution, and by
transmitting the necessary commands to servomotors, the
closed-loop control system works. The control loop’s fre-
quency is 6Hz, which is maximum achievable frequency in
our setup to complete image processing. Due to MRs' slow
motion, this frequency is adequate. The proposed setup
and the structure of closed-loop motion control system
are shown in Figs. 8 and 9 respectively. A Helmholtz coil
with an average diameter of 30Cm, 166 turns, and capabil-
ity of creating a field of 10mT, is used to align the MRs.
Stabilizer MR is disk-shaped with a height and radius of
500um and other MRs are cubes with a size of 250um and
both are made of neodymium.

In this experiment, water medium with a layer of oil
on it was used. The stabilizer MR is put in the water—oil
interface due to its higher density, and other MRs move
on the oil surface. This difference increases the drag coef-
ficient of the stabilizer MR and slows down its movement.

Trajectory Controller Angle Determination Actuation System

Image Processing

Fig.9 Structure of closed-loop motion control system
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Fig. 10 Snapshot of the trajec-
tories of microrobots in the test
(desired trajectories are shown
in the first image)

First MR Trajectory

e

Time =240 (s)

Figure 10 shows the path of the MRs. Two MRs travel
clockwise on square and diamond paths, while the third trav-
els counterclockwise on a triangle path. The MRs’ initial
position was selected randomly with different distances to
the center of workspace, and the different desired trajecto-
ries were chosen to demonstrate the efficacy of the proposed
method.

Figures 11 and 12 show the position and error of the
path following. As can be seen, MRs follow their desired

Third MR Trajectory

[Secona W Tty |

Time =300 (s)

| Time =420 (s)

trajectories appropriately with mean square error 320 micron
during test. Figure 13 shows the angles of the PMs. Based
on this figure, PMs repel and attract MRs during the test.
The variety of paths and the low error in displacement
indicate the efficacy of the proposed method. According to
the results, simultaneous and independent control of MRs
using a stabilizer MR in the workplace is conceivable, but
the magnetization values and drag coefficient of MRs must
be well adjusted to get the desired result. If the workspace
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Fig. 11 Actual (blue line) and
desired (black dash line) posi-
tion of microrobots

Fig. 12 Position error of micro-
robots
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Fig. 13 Permanent magnet
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is small and the stabilizer MR leaves the region of other
MRs, due to the lack of control on this MR (remind that the
number of control variables is equal to the system degrees
of freedom), the stabilizer MR goes to the corner of the
workspace, and does not increase the MRs stability. Videos
of the MRs movement in simulations and experiments are
provided in the supplementary materials.

5 Conclusion

In this paper, an innovative control strategy based on using
a stabilizer microrobot for simultaneous and independent
steering of multiple MRs in two dimensions is proposed.
The main idea was to employ a stabilizer MR in the work-
space to improve the system's stability as well as to reduce
control effort. Equations are derived for the general form,
with the number of control inputs being equal to the degree
of freedom of the system. In the proposed setup 2N PMs, as
the actuators for generating desired magnetic field, are sym-
metrically placed around the workspace at equal distances

to enable independent control of N MRs. All the MRs in
the workspace are also vertically aligned using a Helmholtz
coil. To enhance the MRs stability in maintaining their posi-
tion against external disturbances as well as to improve the
control system performance despite model uncertainties, the
stabilizer MR is added to the workspace. A PI controller is
employed to steer the MRs for tracking desired trajectories.
To this aim, required forces on MRs are calculated based
on the desired and actual positions, and the PMs angles are
obtained from an analytical solution.

Four MRs were controlled with and without stabilizer
MRs to evaluate controller performance. The simulation car-
ried out shows the advantages of using the stabilizer MR to
improve stability and reduce the control effort, and the effect
of various parameters is discussed. In addition, the effective-
ness of the proposed system performance for the independ-
ent and simultaneous control of three MRs is experimentally
demonstrated. A Helmholtz coil and six rotating PMs make
up the proposed system. The proper angles of the magnets
are calculated analytically by the designed PI controller and
applied to the servomotors in each step once the positions
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have been determined by the camera. The results show that
the proposed control method is effective in successfully con-
trolling MRs independently, as well as in enhancing stability
and minimizing control effort.

In this research, we proposed an actuation and control
system to steer the motion of the simple microrobots in the
presence of the stabilizing microrobot. However, based on
the current number of actuators and simple microrobots, it
is not possible to control the position of the stabilizer micro-
robot beside positions of all simple microrobots. Adding
more actuators to directly control the position of stabilizer
microrobot to improve the controllability of other microro-
bots holds significant potential as an interesting subject for
future research.
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