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Abstract

Bubble-propelled microrobots have an advantage of relatively swift movement compared to
most other types of microrobots, which makes them well suited for applications such as
micromanipulation or movement in flows, but their high speed also poses challenges in precisely
controlling their motion. This study proposes automated control of the microrobots using visual
feedback and steering with uniform magnetic fields to constrain the microrobot’s moving
direction. The implementation of a closed-loop control mechanism ensures precise autonomous
navigation along prescribed trajectories. Experimental results demonstrate that this approach
achieves satisfactory tracking performance, with an average error of 6. 7 xm for a microrobot
with a diameter of 24 ym.
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l. INTRODUCTION

Robots play a vital role in modern society, with many aspects of human production

and daily life utilizing robotics. Similarly, in the microscale world, microrobots can be

used for tasks like cell manipulation and drug delivery, providing crucial support for the
development of biology and medicine. However, controlling these microrobots presents a
significant challenge. Unlike conventional robots, microrobots are too small (specifically, on
the micrometer scale) to accommodate various electronics like CPUs, sensors, and batteries.
Nevertheless, we can drive them using some special mechanisms, such as magnetic fields,
light, acoustic waves, and chemical actuation[1], [2], [3], [4], [5], [6]-

One of the potential significant advantages of using microrobots, micron scale objects
capable of carrying out desired tasks, for biomedical, micromanipulation, or other
applications, is the precision that they can provide over more conventional techniques that
rely on larger, tethered, devices [7], [8], [9], [10]. This precision is due to their small size,
and also their untethered nature which allows for control in hard to reach and enclosed
areas, such as in small vessels or inside microfluidic chips [11], [12], [13]. To take full
advantage of this potential, however, precise control strategies are needed. Removing the
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human controller in favor of automated mechanism not only provides for potentially more
precise control of the microrobot trajectory, but also one can imagine programming the
microrobot to perform a wide range of automated tasks, eliminating otherwise monotonous
tasks and increasing efficiency. Recently, we used patchy bubble-propelled microrobots
for micromanipulation of passive objects into various shapes, thus demonstrating their
potential use in micromanipulation and microfabrication applications [14]. These bubble-
propelled spherical microrobots were coated in a patch of platinum which acts as a catalyst
to the hydrogen peroxide in their liquid medium. They create oxygen by the catalytic
decomposition of the peroxide which also produces bubbles that grow and burst at a
consistent rate. The production of oxygen and the bubble growth and burst results in their
dynamics and propulsion.

Bubble-propelled microrobots of various shapes and designs have been studied previously
[15], [16], [17], [18]. One feature that makes these microrobots particularly intriguing

for manipulation is their large speed and power compared to nearly every other type of
microrobot [19], [20]. Their fast speed also can make precise positioning difficult however,
therefore developing a means of automated control would be highly beneficial.

One means to obtain additional control is to use a computerized closed-loop strategy

[21]. This has been employed previously to more precisely control microrobots [22], [23],
[24], [25], [26], [27]. A closed-loop system works by continuously adjusting the control
parameters based on the current feedback of the microrobot motion in order to guide

it to a specified location or follow a predefined path. We have previously employed a
closed-loop algorithm for the control of catalytic microrobots [12], and here we use our
closed-loop control system to steer the much faster bubble-propelled microrobots along
desired trajectories. We show that the microrobots can be made to follow the trajectories
with fairly high precision, despite their fast speeds. This work therefore could be relevant in
future micromanipulation or microfabrication applications.

In this study, we employ silica-based microrobots coated with platinum and nickel to
implement a closed-loop control mechanism, ensuring precise autonomous navigation
along the prescribed trajectory as illustrated in Fig. 1. We distinctively define discrete
and continuous trajectories, subsequently evaluating the algorithm’s performance. The
experiment results suggest that the bubble-propelled microrobot demonstrates impressive
tracking capabilities, maintaining an average error below 10 zm.

II. MATERIALS AND METHODS

A. Fabrication of Microrobots

The microrobots were made according to the methods outlined in [14]. Briefly, 24 ym
diameter paramagnetic polystyrene spheres were half-coated with a 20 nm layer of platinum
using e-beam deposition, as shown in Fig. 2. The microrobots were suspended in a

tube with DI water and around 1 gL of the suspension was added to 140 y1 of 30%
whydrogen peroxide and allowed to incubate for 30-40 minutes. This purpose is to

make the Pt-catalyzed +, O, chemical reaction more stable. The microrobots and hydrogen
peroxide solution were then pipetted onto a square glass slide which was plasma cleaned for
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approximately 1 hour to improve the hydrophilicity of the surface of the slide. This allows
for complete spreading of the droplet on the surface of the slide, and hence produce a very
flat surface, which avoid the microrobots being concentrated in the middle to generate too
many bubbles. In addition, the plasma cleaner can also remove surface contamination of the
slides and reduce possible interference to the experiment. Once on the slide, the microrobots
produce oxygen bubbles which cause them to rise to the liquid-air interface where they
self-propel. We allow the mixture to sit on the slide for 10 minutes before working on the
control system. This purpose is to eliminate the drift of the microrobots with the water flow
at the beginning and enhance the stability of the system work.

The microrobots were steered using magnetic fields produced by a 3D Helmholtz coil
system.

B. Experiment Setup

The Helmholtz coil system is fixed on a Zeiss Axiovert 200 M inverted microscope as
depicted in Fig. 3. We designed the coil system and stage using SolidWorks, with PLA+

as the material for 3D printing. Our system integrates three pairs of orthogonal Helmholtz
coils, each with differing dimensions, wrapped with 24 A WG copper wire. The smaller and
medium-sized coils contain approximately 360 turns, while the largest coil comprises around
260 turns. The hardware of our closed-loop control system is illustrated in Fig. 4. The coils
are operated by a separate Arduino control module, which is comprised of an Arduino Mega
2560, multiple H-Bridge Drivers, and a power supply unit. The Arduino module receives
signals via the USB port from the PC. A FLIR BFS-U3-50S5C-C camera, connected to the
PC through USB, is used to visualize the microscopic scale.

C. Control Algorithm

To control the microrobot’s moving direction, we primarily need to control its orientation
within the plane. Since bubbles are generated continuously from the Pt surface, the

resulting thrust persistently acts on the microrobot. Thus, without a magnetic field, the
microrobot’s movement would be random. However, upon activating the magnetic field, a
two-dimensional (2D) coordinate system, with the spherical center of the microrobot as the
reference point in the plane, is established as illustrated in Fig. 5. The components of the 2D
joint magnetic field, represented by By and By, are generated by two corresponding pairs of
Helmholtz coils. To orient the microrobot, we must create a uniform magnetic field which
applies a torque to the positioned microrobot - equal to the cross product of the magnetic
moment and the magnetic field:

T=uXB.
@
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Algorithm 1: 2D Closed Loop Control of Orienting
Data: initial magnetic field By, distance threshold ©,
desired tracjectory T'.
Result: actual trajectory T,
initialize magnetic field B as By:
while n < N do
get current position (x,,y,) and store it in T’;
get target point (T, Yy );
calculate absolute distance
d+ Y (-'rn - ‘TI')Q + (?fﬂ = ?;’r‘]Q:
if d > © then
apply magnetic field B;
get new position {:: g,r;.);

/
Yn—1U,
calculate target angle o < tan ™! (—’ =

g
T — Ty

calculate actual angle oy tan—! (gﬂ—_y; :

T =Ly
gel error e as the difference between oy o

cose  —sine
update B |: : } - B;
sine Cos €

end
if d < © then

| update n < n + 1;
end

end
return T ;

The Algorithm 1 illustrate the closed loop control of the bubble-propelled microrobot. The
initial magnetic field produced by two pairs of the Helmholtz coils can be represented as:

-2

@

To implement closed-loop control, we first need to define a trajectory. This is achieved by
using the mouse to sketch a random line or shape on the screen displaying the real-time
camera view. The trajectory can be considered as comprising A/ points. With the aid of
the OpenCV library, the coordinates of these points are extracted and stored in an array as
follows:

T = [(x1, 1), (32, 2), -, (e )]
©)

Additionally, the OpenCV library aids in identifying the contour of the microrobot, thereby
providing the microrobot’s coordinates. Subsequently, the absolute distance o between the
current position of the microrobot (x,, y,) and the target point (x, ) is computed. If dis
less than or equal to a threshold ©, the target point is switched to (X1, V1) Conversely, if
dexceeds the threshold, the error between the target direction and the actual direction of the
microrobot is calculated. This error, ¢, denotes the angle at which the field should be rotated
in order to guide the microrobot towards the target point. As previously mentioned, we

can generate a torque on the microrobot by adjusting the magnetic field direction, allowing
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the microrobot to orient. By utilizing the rotation matrix in two-dimensional space, the
new magnetic field can be continuously updated through left multiplication by the rotation
matrix:

cose —sine

sine cose

©

We have previously employed this control method to guide catalytic microrobotsto direct
them towards a desired target or along a specified path [12]. Although proportional integral
derivative (PID) algorithms are commonly employed in closed-loop control methods, they
require tuning of the coefficients of each term which can be cumbersome and change
depending on the specific experimental conditions. Additionally, a PID algorithm requires
time to adapt to a sudden change in the desired output, therefore it may not handle abrupt
turns easily. However, our algorithm maintains a single parameter, the angle between the
applied magnetic field and the direction of microrobot motion, and therefore does not
require time to adapt for a sharp turn.

RESULTS AND DISCUSSION

A. Open Loop Control

In our setup, we can steer the microrobots using open-loop control via a wireless controller.
The joystick of this controller, capable of full 360° rotation, allows for comprehensive
directional control. Manipulating the joystick in a specific direction sends a corresponding
signal to the control module, which subsequently modulates the current supplied to the coil.
This in tum changes the direction of the uniform magnetic field, enabling the microrobot

to orient to the desired direction. Additionally, the magnitude of the magnetic field can

be altered by varying the degree to which the joystick is pushed. As per Equation 1,

this generates increased torque—a useful feature in instances where bubble-propelled
microrobots are required to execute sharp turns. Fig. 7(A) and supporting video illustrate the
movement of bubble-propelled microrobots when a magnetic field is applied for orientation.
Based on our computational simulations, the bubble-propelled microrobot can achieve a
locomotion speed of approximately 300 pmJ/, as shown in Fig. 6.

B. Closed Loop Control

In order to realize trajectory tracking, a closed-loop control system was implemented with
the primary aim of directing the microrobots along a specified path, from the start to the
endpoint. Within this system, a specific microrobot is selected to be tracked along the
desired trajectory. The user outlines this trajectory on the computer screen, utilizing the
image captured by the camera.

The performance of the closed-loop control system was evaluated via three defined
trajectories: discrete, continuous, and a combination of continuous-discrete, as evidenced
in Fig. 7(B). These trajectories were manually drawn by the user. Discrete trajectories
are delineated by discrete nodes. These nodes are connected with straight lines, forming
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several straight line segments. Such discrete trajectories primarily test the linear movement
capability of the microrobot and its ability to make sharp turns. When following a straight
line, the microrobot’s target point remains consistently at the endpoint of the line segment.
As such, the algorithm continually readjusts the microrobot’s movement direction to
approximate the target point.

Continuous trajectories are determined by continuous nodes, and a multitude of minuscule
straight line segments collectively form a smooth curve. As the microrobot follows the
curve, it persistently updates its next target point. Experimental results indicate superior
performance of the microrobot when tracking the continuous trajectory. Except for minor
vibrations and disturbances, the microrobot barely deviates from the prescribed trajectory.

We also experimented with defining a continuous trajectory initially, followed by a discrete
trajectory. This was done to compare the tracking performance of the two trajectory types
under identical conditions. Observations revealed that the microrobot performed excellently
and barely deviated from the trajectory in the part of the continuous curve trajectory.
However, when it went to the part of the discrete straight-line trajectory, the microrobot
deviated sometimes again. We observed the difference in the trajectory tracking performance
of bubble-propelled microrobots between discrete and continuous trajectories, and we
thought several factors may contribute to this phenomenon. Discrete trajectories, defined

by relatively distant nodes connected by straight lines, inherently need more precise control
due to the need for the microrobot to maintain a strict linear path. However, continuous
trajectories, defined by continuous nodes forming a smooth curve, offer greater tolerance
for minute adjustments, which could facilitate more accurate tracking. In addition, the
abrupt directional changes in discrete trajectories might cause larger errors, while the
smooth, incremental directional adjustments in continuous trajectories could lead to a better
performance.

In this study, we performed an evaluation of the trajectory errors between the actual

and prescribed positions. For each corresponding pair of actual and prescribed points,

we calculated the Euclidean distance to represent the positional error at that instance.
Subsequently, we calculated the average error over all instances by summing all the
Euclidean distances and dividing by the total number of instances. Finally, the distribution of
these errors was visualized using a box plot, with the calculated average error represented by
a red dot on the plot.

Based on our evaluation, the microrobot followed the prescribed path with an average error
of less than 10 4m in continuous instance and around 50 gm in discrete instance, as shown
in the box plot of Fig. 7(B). Supporting videos display the real footage of the microrobot
successfully navigating the trajectory. The microrobot completed the entire path within

30 seconds, propelled solely by the bubbles generated. These outcomes hold significant
promise for the field of self-propelled rnicrorobot control, as they demonstrate the feasibility
of navigating a microrobot along a prescribed trajectory for diverse applications.
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IV. CONCLUSIONS AND FUTURE WORK

In this study, we have successfully demonstrated the closed-loop control of the bubble-
propelled rnicrorobots. We used the propulsion capabilities of the bubbles generated by

the rnicrorobot and magnetic fields produced by Helmholtz coils to manage its steering.
The findings of this research highlight our ability to control this fast-moving, bubble-
propelled microrobot with high precision. The average error of the microrobots following
the continuous trajectory is only 6.7 pm for a 24 pm rnicrorobot, as shown in the continuous
trajectory box plot in Fig. 7(B). This ability opens up opportunities for precise navigation
and targeted delivery, providing considerable potential for future micromanipulation or
microfabrication applications.

Looking forward, there are several interesting possibilities for future research. These include
improving the control algorithm to enhance the bubble-propelled microrobot’s performance
in discrete trajectories — specifically, its ability to move in a straight line, expanding the
closed-loop control from a two-dimensional plane to three dimensions, and integrating a
z-field to the closed loop algorithm which is capable of accelerating the microrobot [28].
Also implementing an automated micromanipulation algorithm could be beneficial in future
applications involving precise micromanipulation or micro fabrication.

The microrobot control methodology shown in this work offers significant potential for
researchers and scientists engaged in the micro and nano domains. It offers numerous
opportunities for high-precision tasks and progress in various fields.
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Fig. 1:
Schematic diagram of bubble-propelled microrobots working principle
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Fabrication of microrobots
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Fig. 3:
Helmbholtz coils and experiment setup
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Fig. 4:
General overview of the closed loop control system
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2D coordinate system model for the microrobot
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Fig. 6:
Velocity box plot of the microrobot open loop control experiments
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Fig. 7:

A. Bubble-propelled microrobot open loop control. B. Bubble-propelled microrobot
following discrete, continuous, and their combined trajectories. The blue dots represent the
desired trajectory and the orange dots represent the actual trajectory.
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