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Abstract—The independent control of microrobot
swarms is a major challenge in the field of micro/nano
manipulation. In this paper, a new localized magnetic field
generating system is presented that can be used for the
independent control of multiple magnetic microrobots.
Such a system will allow for cooperative or parallel
microassembly tasks with teams of magnetic microrobots.
Firstly, the performance of the novel circular microcoil is
modeled by analyzing the effect of input current to study
the magnetic field distribution characteristics in the
workspace, which is validated by finite element analysis
and simulation; then, an actuation and control strategy of
microrobots for microcoil array is proposed. Meanwhile,
the independent closed-loop control of the microrobot is
realized based on visual feedback; finally, an experimental
platform for the microcoil actuation system is built to
validate the newly designed structure. The results show
that the microrobot can move flexibly and accurately with
the tracking error within 0.444mm. At the same time, the
system is capable of independently controlling multiple
microrobots and holds great potential in performing
micromanipulation tasks.

Index Terms—Magnetic field actuation, microrobots,
independent control.

I. INTRODUCTION

N RECENT years, micro/nanorobots have drawn a lot of
interest in the area of robotics because they have great
potential to enhance the functionality of micromanipulation in
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biological, medical, chemical, and industrial environments.
Being small and untethered, independent control of teams and
swarms of such microrobots can be used for parallel and
collaborative tasks at micro-scale, such as targeted drug
delivery, bioassay, micro parts separation, assembly,
manipulation, and chemical analysis [1]-[5].

One of the main challenges in designing such microrobots is
in ensuring sufficient power supply from external because it is
difficult to mount conventional power sources on the
microrobots. In the past decade, there have been several
solutions to design and develop such microrobots using optical
energy, acoustic energy, thermal energy, biological energy,
magnetic  fields, and physiological energy [6]-[9].
Electromagnetic actuation has provided promising results to
date [10]-[18] because of its ability to penetrate most materials,
suitability to actuate objects remotely, and security to humans.
For such actuation systems, the microrobots are usually made
of permanent magnetic or paramagnetic materials that respond
to the magnetic field generated by external electromagnetic
coils. Therefore, microrobots can be controlled by changing the
magnitude and direction of the currents through electro-
magnetic coils. However, due to the interaction between
microrobots and magnetic field generated by such coils,
multiple microrobots will respond to the global magnetic field
simultaneously when they are present in the workspace, which
results in restricting independent control to a single microrobot
at a time.

Recently, using a global magnetic field to actuate multiple
microrobots independently has attracted people's attention [19],
[20]. The difference in shape or magnetic properties of
magnetic microrobots was exploited to obtain independent
control of microrobots using a global magnetic field [21], [22].
Especially in [23], a pair of identical and nonidentical
microrobots were independently controlled in the 3D space by
exploiting the inhomogeneity of the strong fields the system
can generate. While the nonuniformity of the microrobots'
magnetic properties and the inhomogeneity of the strong fields
allowed them to behave differently when exposed to the same
magnetic field, their motions were still coupled, and hence, this
approach cannot be extended to deal with large numbers of
microrobots. Thus, to overcome the challenge of using a single
global magnetic field for multi-robot control, some local
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magnetic fields were used instead. Two kinds of microcoil
array structures are generally adopted to generate local
magnetic field. Micro-wire strips [24], [25] are arranged
orthogonally in two layers to generate sufficient force in two
planar axes. In this structure, microrobots are actuated through
the activation of specific microcoil arranged in the X or Y
direction. However, the workspace of this method is relatively
small, and expanding the workspace may complicate the design
of driving circuit. So it restricts the presence of multiple
microrobots in the workspace simultaneously. The square
spiral coil structure [26], [27] directly utilizes attractive field
and repulsive field to drive microrobots. Although this structure
has a larger workspace that allows for the presence of multiple
microrobots, how to realize precise and flexible control of
microrobots is still a challenge, particularly when performing
micromanipulation tasks.

In this article, a local magnetic field generating system
consisting of an 8>8 planar circular spiral microcoil array is
developed to independently actuate multiple microrobots. The
shape of microcoil is optimized to produce a uniformly
distributed magnetic field. The theoretical analysis indicates
that using a circular spiral structure can generate a uniformly
distributed magnetic field along the circumference. The
successful transportation of multiple microrobots between any
equilibrium points with the tracking error within 0.444mm by
using the designed coil array actuation system has efficiently
demonstrated the effectiveness of the proposed design
approach for micromanipulation applications.

The main contribution of this article is to design a novel local
magnetic field generating system consisting of an 8>8 planar
circular spiral microcoil array with three layers, which lies in
magnetic field uniform distribution and accurate and flexible
control of the microrobot. The micro-wire strips array system
with a workspace of 13 X 17 mm can achieve the control of one
robot [25]. It is difficult to control one more robot in such a
small workspace at the same time due to the magnetic
interaction of microrobots. The square spiral microcoil array
system [27] allows for the controlling of four robots at most.
However, the magnetic field generated by the square coil is
only distributed in four directions, which may restrict the
flexible and precise control of the microrobots. In comparison
to previous works, the actuation system reported in this article
can generate a series of local magnetic fields evenly distributed
along the circumference, which render the actuation of
microrobots flexible and precise.

The remaining part of this article is structured as follows:
Section 1l introduces the design and modeling of the circular
microcoil array system. Section 11 introduces the hardware and
software platform, including the strategy of actuation and
control for microrobots. Section 1V provides experimental
demonstrations of the developed microcoil platform. Finally,
Section V concludes this article.

Il. MiICROCOIL DESIGN AND MODELING

This section discusses how to design microcoil array to
generate a number of local magnetic fields. To improve the
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actuation capability of microrobots, a three-layer planar
circular spiral coil is designed. In addition, the equivalent
model of microcoil is established and verified by finite element
model.

A. Circular Microcoil Array Design

To generate a series of discrete local magnetic fields to
independently actuate multiple microrobots, an 8 = 8 planar
circular spiral microcoil array which contains 64 microcoils
with a diameter of 3 mm was designed and developed, as shown
in Fig. 1. The microcoils were designed with three layers to
enhance the generated magnetic fields, each layer has 5 turns,
the winding width was set to 0.15 mm and the spacing between
the windings was 0.1 mm. Each microcoil was individually
connected to a power source. These microcoils can provide
magnetic actuation forces around them when the currents are
supplied. By changing the magnitude and direction of the
current, the motion of the microrobot will be controlled.

3mm

Fig. 1. Schematic showing how the three-layer coils are arranged in the
workspace.
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Fig. 2. Microcoil equivalent model and field distributions. (a) Planar circular

spiral coil and (b) its equivalent concentric-loop model. (c) and (d) Planar

circular spiral coil and multiple-loop coils magnetic flux density distribution.
B. Magnetic Force Model

The magnetic field is first studied for researching magnetic
force generated by the microcoils, to obtain its distribution
characteristics. The current traces are connected to the
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microcoils through vias and they are separated from the
microcoils through an insulation layer. For the analytical study,
it is assumed that these vias and current traces have no
influence on the magnetic field in the workspace.

For closely spaced turns, the multiturn planar spiral is
generally approximated as some concentric loops with various
radii to study its magnetic field characteristics [28]. As
illustrated in Fig. 2(a) and (b), a circular spiral coil is equivalent
to multiple concentric current loops without interconnects
between loops. The radius of the ith loop is given by

r_ X+ X
X, > 1)
where x; and Xi+1 are the minimal and maximal distance of the
ith turn away from the center of the coil.

It is assumed that the currents in all loops are equal and
unidirectional, then the multiloop model provides a close
approximation of the circular spiral coil for a fast calculation of
the magnetic field. The two different structures were simulated
with ANSYS Maxwell. As shown in Fig. 2(c) and (d), the
vector distribution characteristics of the magnetic induction
intensity for the two structures are the same when 0.75 A
current is applied. They all point from the center of the coil to
the outside of the circle in the radial direction, and the magnetic
induction intensity reaches the peak value at the center of the
coil.

To establish an analytical model, the magnetic field
generated by a single loop is evaluated first, then superpose the
magnetic fields generated by these single loops to calculate the
magnetic field of multiple loops, and finally, the field
distribution of the three-layer coil is available. According to the
Biot-Savart law, the magnetic induction intensity of a single
loop shown in Fig. 3 is given by

B:Z{t_ojcldlxgr o)
7 r]
where C represents the loop with a radius of x;, | is the
amplitude of the current flowing in the loop, r'is the
displacement vector between the current element Idl and any
point p(xo, Yo, Zo) in space, and o is the space permeability.

ZA

P(Xo,Yo,Zo)

Fig. 3. Calculation of magnetic field for a single loop. The magnetic field at
point p(Xo, Yo, Zo) is calculated by integrating the current element 1dl along the
loop.

To simplify the calculation, the components of the magnetic
flux density along the X-axis, Y-axis, and Z-axis are
respectively calculated, which is given by

Hol ¢ (2, -2) (Yo—Y)
iji(xovyo’zo):ﬁj.c Or,3 dy— Or,3 dz (3)
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(Zo _Z) dx (4)

ol ¢ (X, —X)
Byii(xovyorzo):ﬁj.c Orrs dz - e

Hol ¢ Vo=¥) . (X —X)
szi (XOI yO’ ZO) = ﬁ-[(? Or,3 dX - Or,g dy (5)

where i represents the loop, and j represents the layer.
Then, the magnetic flux density at point p(Xo, Yo, Z0)
generated by three-layer concentric rings can be calculated by

8 =3 38, (Y0 2) ©)
B, = i f Byi (X0, ¥o:20) (7
B, =33 8, (% Vo 2) @

The magnetic field generated by the microcoil along the
Y-axis at a height z= 0.5 mm is calculated using the equations
above when 0.75 A current is applied to the microcoil. A FEM
model was also designed in ANSYS Maxwell, considering the
thickness of the microcoil to verify the analytical model. The
comparison results of the analytical model and FEM model are
shown in Fig. 4(a). Itis easily seen that the analytical model can
accurately estimate the spatial magnetic field.

Considering the symmetry and uniformity of the magnetic
field generated by the microcoil, the magnetic field gradient in
the whole workspace can be obtained as long as the distribution
of the magnetic field gradient along one direction is known.
Differentiate By and B, along the y-direction and z-direction
respectively, the magnetic field gradient distributions along the
Y-axis at a height z = 0.5 mm are shown in Fig. 4(b). Due to the
magnetic field B(x, y, z), the magnetic force Fmag On microrobot
is a function of the magnetic field gradients and can be
calculated as

Fro=V, (MV)B(x,y,2) ©)

where V. is the volume of the microrobot, M is the
magnetization of the magnetic microrobot, and B(By, By, B;) is
the magnetic flux density produced by the microcoils.

For microrobots magnetized along the thickness direction,
M(My, My, M,) is approximate to M, so the magnetic force can
be simplified as
OB, OB, 0B,

a+—a +—a,)
51 sz 7 o1

The calculated magnetic force along the Y-axis at the plane z
= 0.5 mm is shown in Fig. 4(c). And then the dynamic equation
of the microrobot under the influence of magnetic force Fmag
can be described as

Foag TF (11)

where m represents the mass of the microrobot, s is the position
of the microrobot, Fyic is the friction of the microrobot in the
workspace, and Fgrag is the drag force generated by fluid,
respectively.

Frag=V: M, ( (10)

fric +Fdrag =ms

I1l. MICROROBOT ACTUATION AND CONTROL

This section presents the hardware for independent
microrobot control consisting of the six-layer microcoil
platform, the coil current drive electronics, and a CCD camera,
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Fig. 4. Calculation of fields generated by the microcoil. (a) Magnetic field along the Y-axis at the plane z = 0.5 mm calculated by the analytical model and FEM
with current: 0.75 A. (b) Magnetic field gradients along the Y-axis at the plane z = 0.5 mm due to a microcoil carrying 0.75 A current. Differentiate B, and B, along
the y-direction and z-direction, respectively. (c) Magnetic force along the Y-axis at the plane z = 0.5 mm generated by a microcoil carrying 0.75 A current for an
N52 disc magnet microrobot with magnetization along the Z direction (2.5 mm diameter, 0.5 mm thick).

as shown in Fig. 5(a). Based on the visual feedback, the
actuation and control strategy of the microrobot between
equilibrium points is proposed. Furthermore, the custom
software that outputs the currents at the microcoils required for
actuation according to the received position of the microrobot
and desired trajectory is also introduced.

A. Microcoil Platform

The microcoil platform shown in Fig. 5(c) which was
fabricated with standard PCB technology consists of the PCB
with 64 circular spiral microcoils. The PCB contains a 27 %27
mm workspace with a total of 6 layers where the top three
layers form the microcoils and the bottom three layers form the
required connections to the control electronics. This layout was
designed to minimize the effect of current traces on the
magnetic field in the workspace. The microcoils in the
workspace have vias and current traces that lead to a set of
jumper pins in the PCB and then are connected to the microcoil
current driver circuits. To observe the microrobot moving in the
workspace, a CCD camera is mounted above the workspace.

Motor
Driver

PWM

Microcont

Fig. 5. Experimental platform. (a) Overview of the hardware platform consists
of the microcontroller, the current control board, the workspace, and the camera
for independent microrobot actuation. (b) Current control board. The PWM
drivers and Motor drivers control the magnitude and direction of the current. (c)
Part workspace view from the camera.

B. Current Control Electronics

The currents in the microcoils are output by the individual
motor drivers (TB6612fng) for each microcoil. There are two
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H-bridge circuits in each motor drive chip so that the direction
of the currents can be controlled by the conduction of different
bridge arms. The PWM driver board (PCA9685) is used to
control the intensity of the output currents. Each current control
board can control up to 16 microcoils as shown in Fig. 5(b).
Therefore, four controller boards are used to control the 64
microcoils. Each PWM board has custom preset addresses that
are accessible through an 12C interface, which allows for the
control of the entire hardware platform with just two wires.
These current control boards are designed by the circuit design
tool (ALTIUM DESIGNER 20, Altium Inc., Australia). All the
computation is performed on a desktop computer (Intel Core
i5-10300H CPU, 16 GB RAM, 2.5 GHz), and commands are
sent to the controller boards through an MCU
(STM32-F103ZET6, 72 MHz, STMicroelectronics Inc.,
Switzerland). Four power supplies are used to provide power to
all 64 microcoils, and each microcoil can continuously output
current up to 1 A at the same time.

C. Microrobot Actuation

The magnetic force experienced by the microrobot with the
currents in different directions is shown in Fig. 6(a) and (b).
When the current is counterclockwise, the microrobot
experiences an attractive force inside the coil to force it to move
to the center of the coil, and a repulsive force outside the coil to
keep it away from the coil. The force on microrobot is opposite
when the current is clockwise. The direction of the force is
always along the connecting line between the center of the
microrobot and the coil. Fig. 6(c) shows the local magnetic
field range when 0.5A current is applied.

— Direction of current c=> Force on robot

Fig. 6. Magnetic field effect when current is applied to a single coil. (a) Force
on microrobot when counterclockwise current is applied. (b) Force on
microrobot when clockwise current is applied. (c) Local magnetic field when
0.5A current is applied.
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Based on analysis of the magnetic force of a single coil, there
are two kinds of static equilibrium points defined in the
workspace, one is the center of the microcoil when attracting
the microrobot (a counterclockwise current is applied to the
microcoil), which is defined as the central equilibrium point;
the other is the midpoint of the common diagonal of any four
coils when repulsing the microrobot (a clockwise current is
applied to the microcoil), which is defined as the diagonal
equilibrium point. There are eight motion forms for the
microrobot at each equilibrium point which means it can move
in eight directions. To actuate the microrobot to move along the
desired trajectory, it is necessary to control multiple microcoils
around the microrobot at the same time. The various motion
states of the microrobot shown in Fig. 7(a)-(c) illustrate the
actuation method of the microrobot moving between central
equilibrium  points, central equilibrium and diagonal
equilibrium point, and diagonal equilibrium points. When the
microrobot is in the center of the microcoil, this microcoil will
exert no force on the microrobot, so it is necessary to activate
surrounding microcoils to actuate the microrobot. However, the
force generated by this microcoil will be dominant when the
microrobot deviates from the center of the microcoil.

for actuation, the microrobot cannot move between central
equilibrium points directly. As shown in Fig. 7(d), the
microrobot moved to the diagonal equilibrium point first, and
then moved to the target coil central equilibrium point, thereby
achieving the movement between the edge microcoils.

D. Visual Feedback Control of Microrobot

During the movement of the microrobot, the position of the
microrobot needs to be fed back in real-time, so as to activate
microcoils around it and control the microrobot to move along
the reference trajectory.

Obtain feedback position
of microrobot p

b=l

Current position of robot
Py Goal position of robot
Threshold position error

Reached Sub-target position of robot
I Previous sub-target position
goa Coil position to be activated

Obtain new sub-target ps

Estimate S according to

pis and ps
d; Coil center range
" n d Coil internal range
Determine the coil to be dz Magnetic field rar?ge
activated according to [|p-ps| lej Coil current output
t Delay time

Determine the current direction
according to the movement direction

¥

Current output and

(d)

Fig. 7. Movement of the microrobot in the workspace due to specified
microcoil activation. (a) Movement between central equilibrium points. (b)
Movement between central equilibrium point and diagonal equilibrium point.
(c) Movement between diagonal equilibrium points. (d) Movement at the edge
of the workspace. (The yellow coil and red coil indicate that a clockwise and
counterclockwise current is applied, respectively. Note that the red and yellow
arrows indicate the force exerted by each coil, and the white arrows indicate the
resultant force.)

The actuation of the microrobot at the edge of the workspace
is also considered. Due to the reduction of microcoils available
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wait for t

Fig. 8. Algorithm to determine the currents in the coils in the workspace. (Note
that T and F are “True” and “False” respectively.)
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Fig. 9. Flowchart depicting the software structure of the developed device. For
the purpose of tracking, the images captured by the camera are converted to
hue-saturation-value (HSV) color space for better contrast among channels. In
the process of tracking, the HSV image is then thresholded using
experimentally determined values, and the contour detection algorithm is used
to locate the microrobot.
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The forces generated, however, are nonlinear due to the
nature of the magnetic field. To simplify the control, therefore,
the microcoil is divided into three areas: coil center, inside the
coil, and outside the coil. Bang-bang controller is used to output
currents required for actuation. The algorithm to estimate how
the coil current output to move the robot from the current
position, p, to pg, is shown in Fig. 8. The flowchart of visual
feedback control is shown in Fig. 9, the reference trajectory is
discretized into a series of waypoints first, and then the state of

the microrobot in the workspace is obtained through the camera.

The motion state is determined and corresponding microcoils
are selected according to the current position of the microrobot
and the target position. Based on the error between microrobot
and target position, the microcoils are activated with predefined
currents with correct polarity to generate forces along the
direction of the target position.

IV. EXPERIMENTS AND ANALYSIS

The visual feedback control of the microrobots using the
newly designed system is demonstrated here. The single-robot
navigation experiment shows the capability of the microcoil
platform to actuate the microrobot to move between any
equilibrium points. In addition, the demonstration of
curvilinear path is also carried out. The two-robot and
three-robot navigation experiments illustrate the ability of the
microcoil platform to independently control multiple
microrobots in the workspace. Finally, the potential of this
system to conduct assembly tasks has also been demonstrated.

A. Experimental Preparation

To reduce the frictional force experienced by the microrobot,
silicone oil with 10 viscosity was added to the workspace. In
the environment filled with silicone oil with 10 viscosity, the
friction coefficient is approximately reduced to 0.1-0.2 [29].
Microrobots (N52 NdFeB disc magnets which are neodymium
with nickel coating and are commercially available) with a
diameter of 2.5 mm and a thickness of 0.5 mm used in the
experiment, are magnetized along the thickness direction and
their magnetic induction is 98.5 mT. These robots are oriented
in the workspace with their north pole facing up to make sure
that they will not attract together, which also ensures that they
are under the same control. To keep track of the magnetization
direction, the north pole of the robot is colored.

B. Single-Robot Navigation Experiment

In order to demonstrate the capabilities of the microcoil
platform, the motion control experiment of a single microrobot
was conducted first. The microrobot was actuated towards the
user-defined waypoints in the workspace under the effect of
local microcoils. Control laws prescribed combined with
feedback information from the captured images were used to
keep the microrobot moving along the desired trajectory. The
feedback image was first used to calibrate the positions of the
microcoils in the workspace, and then the position of the
microrobot was measured through color threshold and localized
through the contour detection algorithm.

The waypoints to define Z-shaped and square trajectories
were chosen to showcase the different actuation capabilities of
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Fig. 10. Motion control of a single disc magnetic microrobot moving along
prescribed waypoints. (a) and (b) Path of a single microrobot (2.5 mm diameter,
0.5 mm thick) moving in a Z-shaped trajectory. (c) and (d) Path of a single
microrobot (2.5 mm diameter, 0.5 mm thick) moving in a square trajectory. (e)
and (f) Path of a single microrobot (3 mm diameter, 0.5 mm thick) movingin a
3-shaped trajectory. (h) and (i) Path of a single microrobot (3 mm diameter, 0.5
mm thick) moving in a circle trajectory.

the microcoil platform at different static equilibrium points in
the workspace. As shown in Fig. 10(a) and (b), the Z-shaped
path along central equilibrium point and diagonal equilibrium
point was successfully traversed autonomously. Since the
magnetic force on the microrobot generated by the microcoils is
stronger inside the microcoil than that outside the microcoil, it
took more time for the microrobot to traverse the trajectory
along diagonal equilibrium points, as shown in Fig. 10(c) and
(d). To further verify the flexible actuation of the system, the
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microrobot was controlled to move along a 3-shaped path, as
shown in Fig. 10(e) and (f). Fig. 10(h) and (i) demonstrates the
experiment of tracking circular trajectory. Then, the tracking
error of the microrobot moving along different given paths is
shown in Fig. 11. Especially, the error range, the mean error,
and the root mean square error (RMSE) of each movement
trajectory are listed in Table I. It is obvious that the maximum
error range is -0.380 mm to 0.444 mm, the maximum mean
error is -0.094 mm, and the maximum RMSE is 0.157 mm.
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Fig. 11. Tracking error of a single microrobot moving along prescribed paths.
(a) Tracking error along Z-shaped trajectory. (b) Tracking error along square
trajectory. (c) Tracking error along 3-shaped trajectory. (d) Tracking error
along circular trajectory.

TABLE |
TRACKING ERROR OF A SINGLE MICROROBOT

Error Range Mean Error RMSE (mm)
(mm) (mm)
Z-shaped -0.283~0.444 -0.027 0.129
Square -0.380~0.330 0.053 0.138
3-shaped -0.325~0.234 -0.073 0.157
Circle -0.226~0.178 -0.094 0.152

C. Multi-Robot Navigation Experiments

To show the ability of the microcoil platform for independent
control of multiple microrobots, two and three microrobots
motion control experiments were conducted separately in the
workspace. The type of microrobots used in the experiments is
the same as before, and their surfaces were dyed for the purpose
of distinguishing them. Fig. 12(a) and (b) demonstrate the
independent control of two microrobots. The two Z-shaped
reference trajectories were provided by the user, and then two
microrobots moved along their respective reference trajectories
in 40 seconds. Limited by the mutual interaction force between
microrobots, three microrobots can only move at the edge of the
workspace, as shown in Fig. 12(c) and (d). To reduce the
influence of mutual interaction force on the motion, three
microrobots were forced to move between the central
equilibrium point and diagonal equilibrium point, and finally
reached the target position along the reference trajectories. The
tracking error of two and three microrobots are separately
shown in Fig. 13(a) and (b). The results show that the

maximum error range is -0.25 mm to 0.35 mm, which means
accurate and independent control of multiple mobile
microrobots can be realized.
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Fig. 12. Independent control of multiple microrobots moving along prescribed
waypoints, respectively. (@) and (b) Two microrobots are independently
actuated to move along the Z-shaped reference trajectories. (c) and (d) Motion
control of three microrobots moving along their reference trajectories. (€) and (f)
Assembled “IOT” structure formed by pushing the parts from their initial
position (e) to final position (f) using two microrobots.
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Fig. 13. Tracking errors of multiple microrobots moving along prescribed
paths. (a) Tracking error of two microrobots. (b) Tracking error of three
microrobots.
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D. Microassembly Experiments

Microassembly experiments taking advantage of the new
structure of microcoils were conducted to validate the potential
of the microcoil platform to perform micromanipulation tasks.
The micro parts used in the experiments were made of 3D
printed resin materials. Each of them is a cuboid with the size of
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3 %3 x1 mm. As shown in Fig. 12(e) and (f), the objective was
to move the parts from an initial position [Fig. 12(e)] to a final
position [Fig. 12(f)]. The waypoints of the microrobots were
generated manually to ensure that the microrobots pushed the
object correctly and reached the goal state. Finally, two
microrobots completed the micro-assembly task.

E. Discussion

The microrobots sometimes deviate from their reference
trajectories during the experiment. Even under the same input,
the microrobots will respond differently to the magnetic field
generated by the microcoils. On the one hand, it is because of
the limitations of PCB manufacturing, small differences
between the microcoils will cause errors, and the underlying
current traces and vias will also affect the magnetic field in the
workspace. On the other hand, it is assumed that the
magnetization direction of the microrobot passes through the
center of the microrobot in the analysis, but in actuality, the
magnetization direction of the microrobot may be offset.
Finally, the magnitude of the currents through microcoils is
controlled by the PWM driver chip, which will generate current
pulsation and then contribute to the magnetic field pulsation,
which is also one of the reasons. However, the tracking error of
the microrobot is kept between -0.380 mm to 0.444 mm. This
precision maybe enough for some micro fluid based application,
such as separation of droplets, transport of droplets, and mixing
of droplets.

V.CONCLUSION AND FUTURE WORK

In this study, a new local magnetic field generation system
for independent control of multiple microrobots is designed,
simulated, developed, and experimentally validated. The
distribution of magnetic field in the workspace generated by the
microcoils is researched based on an analytical model which is
validated through the finite element simulation. An actuation
and control method of coil array for microrobots is proposed
based on the newly designed system. By the newly designed
microcoil platform, the microrobot can move between any
equilibrium points with the tracking error within 0.444mm. The
single-robot, multi-robot navigation, and microassembly
experiments are conducted by constructing an experimental
platform. The experimental results show that the newly
designed system can improve the capability of performing
micromanipulation tasks.

In future work, improving the resolution of the coil array or
designing new coil array structure may be helpful to continuous
motion at any point on a plane. Path planning of multiple
microrobots under constraints to find optimal trajectories is
also the area of future work, which is an important step for
realizing micromanipulations automatically. In addition,
flexible PCB technology may be used to achieve some more
complex curve surface movements.
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