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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 By and Bz 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. 
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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 

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 I2C 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. 

a b
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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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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 

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)  moving in 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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