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Abstract

Magnetic microrobots have been shown to be effective at navigating microscale environments which has led to many investigations
reguarding the motion control of microrobots. To increase the feasibility of using microrobots for microscale tasks and widen the
range of potential applications, the use of autonomous navigation systems will be essential. In this work, the magnetic particle based
achiral microrobots are controlled wirelessly using a combination of rotating and static magnetic fields generated from electromag-
netic coils in an approximate Helmholtz configuration. In previous work, we developed both a kinematic model for particle based
microrobots and a feedback controller; once implemented, the controller can guide the microrobots to any goal positions. In the
present work, we demonstrate path planning motion control for magnetic particle based microrobots in microfluidic channels formed
using patterned static SU-8 microstructures. The microrobots were able to avoid collision with the microstructures, which acted as
static obstacles, by using a gradient path method. In experiments, microrobots were able to reach the final goal position by following

waypoints of generated path from the gradient path method in a static obstacle laden environment.

Keywords Microrobot - Magnetic control - Obstacle avoidance - Path planning

1 Introduction

The application of microrobotics for cell manipulation,
microassembly, drug delivery, and so on, hinges on the ability
to implement motion control and manipulation in low
Reynolds number environments. At low Reynolds number,
as a result of their small sizes and velocities, microrobots in
motion are subjected to negligible inertial effects and are dom-
inated by viscous forces. Therefore, microrobots must gener-
ate nonreciprocal motions for swimming [1]. To generate such
motions, most previously developed microrobots have been
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inspired by the scallop theorem [1] and generate propulsive
force using chirality or flexibility [2—8]. Other examples in-
clude magnetically steered swimming cells [9], electrically-
controlled bacterial microrobots [10], optically- deformed 3-
bead systems [11], and biflagellate micro-objects [12]. For
controlling microrobots, magnetic actuation has shown to be
the most effective method due to the ease of transferring pow-
er over long range with minimal health effects. There are
various examples of magnetic actuation for biomimetic and
non-biomimetic microrobots [13, 14]. Most microrobot de-
signs are based on torque-driven actuation using rotating mag-
netic fields [13] while other cases used magnetic force-driven
actuation [15-17]. In this paper, magnetic particle based
microrobots were used. Actuated from the magnetic torque
generated a rotating magnetic field, these microrobots can
swim in low Reynolds number environments controlled in
terms of velocity and direction.

In order to demonstrate the feasibility to use microrobots
for practical application, it is important to strengthen the nav-
igation capability of microrobots. For navigating in narrow
paths or confined spaces, an autonomous navigation system
is required to provide reliable path planning and motion con-
trol [18-20]. This integral autonomous control system can
help microrobots perform microscale tasks such as cell
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manipulation, cell sorting, cell fusion, and microassembly.
Originally, there had been a few works on automatic ma-
nipulation using path planning with optical tweezers
[21-24]. The Rapidly-exploring random trees (RRT) meth-
od has been applied to optical tweezers for robotic manip-
ulation of biological cells [24]. Also, micromanipulation
has been utilized with A* algorithm for microassembly
work [25]. Recently, autonomous navigation algorithms
have been utilized for an untethered microrobot [26—29]
and various path planners are compared in terms of com-
putation time, trajectory length, and elapsed time [30].
Magnetotactic 7. pyriformis was guided by implementation
of RRT path planning [27], and the predefined path was
generated for microrobots by fast marching methods
(FMM) using the captured MRI image [26]. For rolling
microrobots [28], model predictive control (MPC) was ap-
plied to supply the path, taking into consideration the ki-
nematic constraints, by solving an optimization problem
over a finite time [29]. On the other hand, lattice-based
planning using a search-based planning library (SB PL)
was used for the same robot and the microrobot followed
the path [28]. Most of these approaches are based on
nonholonomic and kinematic constraints of the
microrobots, due to the design of the microrobot and the
actuation method similar with mobile robots [31, 32]. In
addition, there had not been lots of research that were im-
plemented in real experimental environments; rather, they
were simulated using real image that was obtained by MRI
or an image processing camera [33]. Some of these
methods were implemented in real experimental environ-
ments; such as, liquid environment containing crystals [28,
34]. Therefore, path planning and motion control are re-
quired to be performed under environmental constraints;
such as, limited free space due to large area occupied by
obstacles. Herein, the aim of our work is to demonstrate the
path planning and motion control for approaching the goal
position by passing between static obstacles.

The proposed path planning in this work demonstrates
the ability to guide a microrobot through confined and
narrow spaces in real time, which is essential for mini-
mally invasive procedures and intravascular therapy. A
control system with a combination of path planning and
real time motion control allows an untethered microrobot
to follow a predefined path with high reliability and safe-
ty. We fabricated the static obstacles using traditional pho-
tolithography processes. We then fabricated the achiral
microrobots; which consist of magnetic particles that are
held together through strongly bonded chemical bindings
and magnetic forces. Upon actuation via a rotating mag-
netic field, the microrobots convert rotation motion into
translation motion. In previous work, it was demonstrated
that combining a rotating magnetic field, which actuates
microrobots to swim, and a static magnetic field, which

@ Springer

maintains the orientation of the microrobots [35], is an
effective control method. Kinematic model and a feed-
back control law for our microrobots were investigated
in Ref. [29, 34]. In this paper, we utilized a gradient path
planning method [36] and demonstrated the trajectory
tracking of the microrobots in fluid environments occu-
pied by static obstacles. In addition, different microrobots
that had different number of particles were applied to the
experimental chambers, where obstacles of different sizes
and shapes were placed. Photolithography was used to
fabricate the static obstacles which have a height of
260 um. To reach the waypoints of gradient path plan-
ning, a nonlinear feedback controller [35] was adapted to
guide the particle based microrobots. As a result, the
microrobots successfully reached the goal position with
minimal error when compared to the generated path. The
main objective of this paper is to demonstrate the use of a
path planner to safely navigate achiral microrobots to
reach the goal position without collision with big static
obstacles.

The paper is organized as follows: Section 2 introduces
the fabrication and actuation method of the particle based
microrobots. In section 3, the kinematic model of
microrobots and motion control are presented, and the
application of path planning is described. At last, the im-
plemented experimental results in two different environ-
ments are explained in section 4.

2 Particle based microrobots

2.1 Fabrication and actuation of particle based
microrobots

Our particle based microrobot consists of multiple mag-
netic particles, each with a diameter of 4.35 um. The
magnetic beads are bonded together by chemical and in-
nate magnetic attraction forces. Biotin and avidin coated
particles are assembled in a chain-like manner and mag-
netized. The particle based microrobot was shown in a
previous study to have sufficient rigidity to maintain their
structures under strong magnetic forces [35]. A represen-
tative example of a three-bead microrobot is shown in
Fig. 1a. According to Happel and Brenner, an object with
two symmetry planes can produce a forward propulsive
force when rotated by an external torque [37]. Therefore,
this microrobot is actuated by rotating magnetic field en-
abling the body of the microrobot to rotate. This rotational
motion converts the torque into translational force. In ad-
dition, the static magnetic field allows the heading of an
achiral microrobot to keep forward. As a result, the trans-
lation direction is perpendicular to the rotating magnetic
field as indicated in Fig. 1b.
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Fig. 1 Fabrication and schematic of the particle based microswimmer. a
Example of a three-bead microswimmer created by avidin-biotin linkage
and magnetic attraction, b Schematic of the coordinate frame for kine-
matic modeling and feedback control

2.2 Magnetic control system

To achieve an effective control method for the
microrobots, we utilized a combination of static and ro-
tating magnetic fields. The magnetic fields are supplied
by a 3D approximate Helmholtz coil system. The static
magnetic field is used to adjust the orientation of the
microrobot toward the desired direction and the rotating
magnetic field is used to provide the propulsive motion to
the microrobot. Thus, the resultant magnetic field gener-
ated from three pairs of electromagnetic coils results in
the controllability of the achiral microrobots in the 2D
plane. The resultant magnetic field is described as

—Bscos(8) + B,sin(#)cos(wt)
B = | Bssin(f) + B,cos(#)cos(wt) (1)
B, sin(wt)

where B, is the maximum amplitude of the rotating mag-
netic field, B, is the magnitude of the static magnetic
field, w is the rotational frequency of the field, 6 is the
direction of rotation, and # is time. The schematic for Eq.
(1) is illustrated in Fig. 1b. The plane of the rotating field
and the perpendicular static field rotate synchronously are
based on the microrobot’s orientation . The heading an-
gle of swimming motion and the static field direction can
be expressed as

i = [~cos(#) sin(h) 0]" (2)

National Instrument (NI) data acquisition (DAQ) con-
trollers were used to provide sinusoidal signals to three
power supplies that powered the x, y, z coils. The input
signals were based on Eq. (1). In experiments, the rotation
frequency w and the angle 6 were determined by the feed-
back controller to modulate the swimming velocity and
control the heading.

2.3 Experimental system setup

The control system consists of an electromagnetic coil
system, three power supplies (Kepco), DAQ board (NI),
a computer, an inverted microscope (Leica), and a camera
(Point Grey) as shown in Fig. 2. The electromagnetic coil
system has three pairs of coils arranged in Helmholtz
configuration. Each coil pair is connected to a power sup-
ply that is programmable and controlled by the computer
through the DAQ board. The center has 5 mT when
1 Amp of current is passing through two pairs of coils.
A LabVIEW interface incorporates camera and magnetic
field control; this allows us to perform real-time image
processing for feedback control of the microrobot. The
camera records at 30 fps and the sampling time for the
image processing and feedback control is 0.2 s due to the
limitation of the system. The static obstacles were fabri-
cated by traditional photolithography with SU-8 2150 and
have a thickness of 260 um. As a result, we could locate
the static obstacles inside of the closed chamber. The
chamber was filled with motility buffer (0.01 M potassi-
um phosphate, 0.067 M sodium chloride, 10™* M
ethylendediaminetetraacetic acid (EDTA), 0.01 M glu-
cose, pH 7.4). The experiment chamber was installed in
the middle of electromagnetic coil system. For feedback
control and path planning, the achiral microrobot was lo-
calized by image processing and the rest of objects ex-
cluding the target achiral microrobot were detected as ob-
stacles in the binary image results. The achiral
microrobots were swimming above 20 wm height from
the bottom glass surface using NaCl solution that mini-
mize vertical drift from sedimentation or buoyancy.

3 Motion planning for achiral microrobots

The motion planning has two main algorithms for auton-
omous navigation in static obstacle; The first algorithm is
to control the locomotion of the microrobot for following
the generated path using feedback control [38]. The sec-
ond algorithm is to provide the microrobot with the path
trajectory using the gradient method.

3.1 Kinematic model

The kinematics of the achiral microrobot are similar to
that of a unicycle because the heading angle and velocity
of the achiral microrobot is enable to be controlled by
setting direction and rotation frequency of electromagnet-
ic fields, respectively [39]. The achiral microrobot’s kine-
matic model can be expressed by the non-linear model as
follows:
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Fig. 2 System setup for experiment. The three power supplies connected
to an electromagnetic coil system. The DAQ device, which is connected
to the power supplies, allows for precise control over the direction and

x(#) = v(ui(1))cos(6(1))
W(t) = v(ui(1))sin(6(1)) (3)
0(t) = uy(t

where v is the forwarding velocity of the rotating
microrobot, u,;(f) is the rotation frequency and u,(¢) is
the turning rate of the rotating magnetic field. It was ob-
served that the swimming speed, v, has a liner relationship
with the rotation frequency, u;(#) in [35]. In previous
work, the average velocity profiles were obtained using
30 random samples for each frequency (i.e., 1 Hz, 2 Hz,
-, 8 Hz). The high frequency of the rotating magnetic
field enables a microrobot to rotate its own body at a
faster rate. The velocity function in the modeling of the
achiral microrobot can be expressed by the linearization
of the curve fitting line using the coefficient, p,. As a
result, we can obtain the stochastic model for the achiral
microrobot described as

x(1) = pyur (t)cos(0(7))
W(6) = Py (1)sin(6(7)) (4)
0(t) = ux(1)

The p; was derived from experiment and has a value of
0.428 [35].
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magnitude of the magnetic field. The microscope and camera provide
visual feedback and video recording. All of the operation parameters
can be controlled using the LabVIEW program

3.2 Motion planning

There have been many studies about the motion control for a
nonholonomic unicycle-like model. Model-based control
methods such as MPC are applied for nonholonomic robots
to follow paths [31, 40]. Other methods use sampling-based
motion planning approaches such as, the Probabilistic Road
Map (PRM) and RRT. To guide the microrobot from present
position towards a target position, we utilize a well-known
Lyapunov function, which states that certain parameters are
zero when the desired goal position and orientation are
reached, i.e. when e = & = ¢» = 0. The feedback control system
is designed using the kinematics Eq. (3) and e = /x% + )2
which is the error between the position of a microrobot and
the target position. Based on this, the time derivative of the
error distance vector e can be written as

_ xx + yy _ xv(ui (2))cos(6) + yv(u, (1))sin(6)

e(t)

(5)

where 6 is the achiral microrobot’s heading angle (Fig. 1b).
We define the « as the difference of angle between the
microrobot’s heading angle and the angle to the desired target
position (¢ =¢ —0), and ¢ = tan_l(y/x). Letting —x = ecos(a +
0) and -y = esin(« + 0), we finally have [41].
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e(t) = —pyui (t)cos(al fz) )

a(t) = ~u(t) +p1u](t() ( e)(t) (6)
. sm(at
o(t) = prun (1 )W

To avoid the occurrence of a singularity, these equations are
valid only for non-zero values of distance errors e. By apply-
ing the Lyapunov function [39] as

AL, 1, h
V(t)—ze +2a(t)+2<z5(t) (7)
where A\>0, k>0, #>0, and from the condition V < 0, the

following control law can be built for general PID control

uy (1) = ~ye(t)cos(a(?)) .
us(1) = ka(t) +pyy "OS(aU))(SI)n(a(r))
alf

where , k, and / are tunable parameter at the spatiotemporal
scale of um/s. By control input #; and u,, the microrobot can
be located in any position in space. In this paper, we simplified
the controller for pure pursuit because of the limitation of
system setup in terms of input frequency of rotating magnetic
field. Hence, the control inputs are u,(f) = C, u,(¢) = kx(f). For
u,(9), it was fixed with a constant value to generate a consistent
frequency of magnetic field depending on motion of the achi-
ral microrobots. In case of ux(¢), the ko(?) is only left. The
performance of this condition was shown in [41, 42]. The
e(t) is calculated between the current position of the
microrobot and the current target waypoint. The reminded
tunable parameter, k, was determined by experimental testing.

(a(0) + ho(r)) &)

3.3 Path planning using gradient method

To ensure that microrobots approach the goal position without
collision or loss of controllability, a reliable and safe path
planning method should be utilized. In particular, if achiral
microswimmers swim near a wall, they can easily be stuck
to the surface of the wall. Once attached to the wall surface,
microrobot rotation becomes hindered, making it difficult to
detach under the rotating magnetic fields. During experimen-
tation, this only occurred when we had our microswimmers
swim in close proximity to the wall.

In the map, one grid of the map is 1 pixel x 1 pixel. Using
the gradient method, all grids of the empty space have a cost
value which represents the distance from the goal and the
distance from the close obstacles using Eq. (9)

F(P) =S 1(p,) + ZA(prpict) )

where / is the intrinsic cost function, giving high cost assign-
ment when in proximity to an obstacle. A is the path length
function from the goal to the current point on the map.
Therefore, the generated trajectory has a minimum cost path
to the goal position [36]. In addition, the local minima prob-
lem can be resolved. The Configuration space (C-space) is
utilized to ensure a safe distance between the obstacles and
microrobots by expanding the obstacles. This path planning
requires the whole information of environment, where Eq. (9)
should be recalculated when the goal position is changed.
There are mainly three computation steps to generate
the path to the goal position. First step is to generate C-
space using a grid-map that is converted from a real im-
age through microscope (Fig. 3a, b). The size of the
microrobots was regarded as a radius for the C-space, as
shown in Fig. 3c. This C-space is helpful to extract the
empty space regarding the motion of the microrobot be-
cause the microrobot can be represented by one dot. Then,
the intrinsic cost is computed for the areas not occupied
by the C-space. The intrinsic cost represents potential
field of danger. As indicated in Fig. 3d, the closer the area
is to the obstacles, the higher the cost is. Finally, path cost
from the selected goal position is calculated. The path
cost accounts for the distance from the goal and the in-
trinsic cost. Thus, the empty space on the grid-map has
different values. This allows the microrobot to approach
the goal position no matter where the microrobot is ini-
tially located on the map as illustrated in Fig. 2e. This
path cost helps microrobots to avoid areas where local
minima problems exist. In addition, the generated path

Power supplies

Main controller

DAQ board

Microscope eletromagnetlc coils
Fig. 3 Gradient path planning for particle based microrobots. a Captured
image from a camera with a manually chosen goal, b Binary image
processing for path planning (white areas represent objects), ¢ C-space
on grid map using binary image (white areas represent free space for the
achiral microrobot), d Contour graph of intrinsic potential field using C-
space, e Path cost on whole area from a goal position, f Paths from two
different initial locations (R1, R2), the scale bar represents 20 um
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provides the microrobot with the distance from the wall to
prevent the wall effect and pass through the obstacle.
After the path is generated, the way points of the path
are chosen depending on the distance between the current
position of the microrobot and the points among the path.
During the experiments, the way point, which was ahead of
the robot, with a certain distance, was chosen continuously
once the microrobot reached the previous way point.

4 Discussion

The %, in Eq. (8), was 5 for all experiments because of the
sampling time frequency. Through the gradient path planning
algorithm, a series of waypoint is generated which defines a
path from the microrobot’s current position to the goal posi-
tion. Once the path is generated, the feedback controller
guides the microrobot through the waypoints. In experiments,
we demonstrated two different environmental maps to dem-
onstrate the reliability of the path planning algorithm and the
robustness of the feedback control system. For the path fol-
lowing, the certain distant way point enabled the microrobot
to follow the path with less error.

4.1 Motion control for following path

A microrobot with three beads was used in this experiment.
The environmental map features three triangular obstacles
with an interspatial dimension of 35 pum. The initial position
of the microrobot was at the left top corner and the goal was
located on the bottom right (Fig. 4a). There were two ways to
approach the goal. As a result of gradient path planning, the
pathway on the right between obstacle 2 and obstacle 3 was
chosen as the minimal cost path as shown in Fig. 4a. The

(2)

Fig. 4 Motion planning experiment result using a three-bead
microswimmer. a Resultant trajectory of microswimmer with gradient
path, b Control input values in feedback controller, velocity of the
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control inputs for u, are indicated in Fig. 4b. As shown in
Fig. 4b, the « has the average value of 0.35, meaning the
heading angle of the microrobot was controlled to follow the
path with stable heading control during most of time.

Using gradient path planning, the microrobot was able to
choose the minimal cost path between the two diverged ways
at 15.2 s. Then, the achiral microrobot could swim a safe
distance from the two static obstacles until 60.8 s, where it
was no longer in danger of collision. Finally, it approached the
goal position with the path at 73 s. In terms of controller, we
set the frequency as 10 Hz, and the velocity is the average of
2.2 um/s. However, the velocity fluctuated as shown in Fig.
4b due to uncertainties and environmental factors such as
Brownian motion. It is observed that the target waypoints
maintained within 4 pm distant from the achiral microrobot.

4.2 Comparison of two different achiral microrobots

In this experiment, two different microrobots were demon-
strated to follow the same path in the same environment.
The first microrobot had two beads and the second one had
three beads. Both microrobots started from the top right posi-
tion and reached the bottom right goal. To compare the result
trajectories, the control input u;(f) had 10 Hz that represents
the frequency of magnetic field.

As shown in Fig. 5, the two microrobots both reached the
target position with minimal deviation from the computed
path. In general, a longer thread of beads of microrobots gen-
erates higher velocity under the same frequency of the rotating
magnetic field [42]. However, higher velocities increase the
probability of collision with static obstacles. In the case of
three bead based microrobot, it took 97 s to approach the goal
location. On the other hand, the two beads microrobot swam
during 270 s. In addition, comparing to the previous

~
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microswimmer, angle different angle between the heading angle of the
microswimmer and a target waypoint, and error distance between real
position of microswimmer and path. The scale bar is 20 um
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Fig.5 Two experimental results using the same path in the same environment. a The path following motion using a two-bead microswimmer, b The path
following motion using a three-bead microswimmer. The scale bar represents 35 pm

experiments, the microrobots need to complete a sharp turn in
order to enter the valley between obstacle 2 and 3 (¢,~¢, in Fig.
5). As a demonstration of the robustness of the navigation
system, the microrobots safely completed the turn by moving
around the corner of obstacle 3 and passed through the valley
without collision. This result indicates that the motion plan-
ning is reliable and repeatable using different microrobots.

4.3 Path following in narrow channel

When a particle based microrobot rotates, its effective size
(length and radius) increased. An analogy is when a simple
rod rotates fast enough, its effective coverage area is shaped like
a disk. Thus, when we consider a microrobot rotating and swim-
ming near a wall, we have to consider its effective size in order
to avoid collision. To demonstrate the robust control of our
motion planning, we placed a microrobot in narrow pathways
with a width of 25 pum. The microrobot used in this experiment

Fig. 6 Experiment result in the narrow channel environment. The scale
bar represents 10 pm

had an effective length and radius of 15 um and 8 um respec-
tively; this was a four-bead microswimmer. When gradient path
planning was applied, the narrowness of the pathway had to be
considered and could not inflate the obstacles to a degree where
the C-space would block paths to the goal. Thus, the C-space
was kept to a minimum, which in turn increased the risk of
collision if the microrobot deviated too much from the intended
path. The generated path and the trajectory of the microrobot are
shown in Fig. 6. While the microrobot was controlled by motion
planning algorithm, the closest distance between the
microrobot’s centroid and the obstacles are evaluated as ex-
plained in Fig. 7. When the microrobot entered from one chan-
nel to the other channel, it turned with safe distance around the
corner between 63 s and 84 s. As a result, the microrobot main-
tained an average 10 um distant from the obstacles while it
moved in the narrow channel. Through this experiment, we have
proved that the achiral microrobot is able to swim with rotating
motion in the narrow channel under autonomous control.

15 . : . .
€ 14 average distance |
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212 .
<
z 11 ]
g 10 | -
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Fig.7 Closet distance between the center of mass and the wall of obstacle
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5 Conclusion

We demonstrated motion planning in environments where
multiple static obstacles were placed. Our motion planning
approach combined gradient path planning and feedback con-
trol to successfully guide microrobots to the goal positions.
This was shown in experiments where microrobots were able
to follow the generated paths with high accuracy in various
environments. The implementation of gradient path planning
allowed us to compute the minimal cost path among several
pathways. This autonomous navigation system demonstrated
the controllability of the particle based microrobots and their
ability reach the target positions without collision. Notably,
the microrobots were able to move through very narrow path-
ways. This navigation strategy for microrobots will be useful
to guide magnetic microrobots through confined spaces, thus,
increasing the precision for manipulation in small scales.
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