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Automatic Navigation of Microswarms for Dynamic
Obstacle Avoidance
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Abstract—Control and navigation of microrobotic swarms have
drawn extensive attention recently. Avoiding dynamic obstacles
using swarms is one of the major challenges that still remain
unsolved. In this work, we develop a control strategy to navigate
microrobotic swarms to targeted positions while avoiding dynamic
obstacles. We first propose a criterion to evaluate the real-time
locomotion efficiency during dynamic obstacle avoidance, i.e., the
swarm moving direction and the distance between the swarm and
the target. Subsequently, a hierarchical radar with three functional
boundaries (detection, safety, and prediction circle) is designed
for swarms. The optimal moving direction of the swarm with the
existence of dynamic obstacles is selected based on the three circles.
The effectiveness of the algorithm is validated by simulations and
experiments. Using the proposed strategy, the swarm is capable of
avoiding multiple moving obstacles and reaching the predefined
target. Finally, to show the compatibility of the proposed control
method, the swarm is deployed in a micromaze with different
dynamic obstacles, and the results also validate the effectiveness
of the strategy.

Index Terms—Automation at micro-nanoscale, microrobotics,
swarm control.

I. INTRODUCTION

ECENTLY, untethered magnetic microrobots have at-
tracted extensive attention due to their immense potential
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in target drug delivery, biosensing, and micromanipulation [1],
[21, 3], [4], [5], [6], [7], [8], [9]. Various kinds of microrobots
have been investigated, such as helical-shaped microswim-
mers [10], [11], [12], [13], [14], soft millirobots [15], [16], [17],
[18], [19], [20], and bacteria [21], [22], [23], [24]. However,
single microrobots may have a critical limitation when perform-
ing cargo/drug delivery due to their small sizes and volumes. In
addition, it is challenging to realize the real-time in vivo imaging
of asingle microrobot [25]. By contrast, microswarms composed
of a large number of nanoagents can serve as promising candi-
dates [26], [27], [28].

Control and navigation of microswarms have been investi-
gated over the past few years. Different from macroscale robots
that can be equipped with varied sensors and controllers [29],
microswarms without on-board sensors and controllers are hard
to be precisely manipulated. A statistics-based strategy is devel-
oped to automatically generate, identify, and control vortex-like
swarms, and the swarms are able to track the desired trajectory
with small distance errors [30]. An adaptive control method is
proposed to simultaneously control the aspect ratio, long-axis
orientation, and position of elliptical swarms [31]. To track
the microswarm in real time, an ultrasound Doppler imaging—
guided approach is proposed, and the localized delivery of
the microswarm in vascular system can be achieved using the
method [32]. Different control schemes have been adopted to
navigate microswarms in complex or confined environments, but
the navigation of microswarms in the environment with dynamic
obstacles is still a challenge that remains unsolved.

To avoid obstacles at the microscale, several strategies have
been developed. The image-based visual servoing and path plan-
ning method are used to control a helical swimmer [33], spore-
based magnetic microrobots [34], and two microrobots [35] to
follow desired paths while avoiding static obstacles. A microve-
hicle can avoid a single dynamically moving obstacle using
global path planning and fuzzy logic approach [36], but the
navigation of the microrobot in a more complicated scenario
with multiple dynamic obstacles is challenging. Global path
planning adopted by the aforementioned methods taking all the
obstacles and boundaries into consideration leads to a heavy
computation load, which hinders real-time control of the mi-
crorobots [37]. Several techniques have been proposed for the
avoidance of a dynamic obstacle at the macroscale [38], such
as potential field method [39], genetic algorithm-based path
planning [40], and data-driven fuzzy approach [41]. However,
these methods regard the robot as a nondeformable object, and
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the techniques that control deformable robotic swarms at the
microscale to perform dynamic obstacle avoidance still require
further investigations.

Inspired by the technique of radar detection, this article pro-
poses a radar-based control strategy to navigate a microrobotic
swarm to targeted positions while avoiding dynamic obsta-
cles. In this article, we first introduce the kinematic model of
vortex-like swarms and the evaluation criterion of the real-time
locomotion efficiency during dynamic obstacle avoidance. The
hierarchical radar with three functional boundaries (detection,
safety, and prediction circle) is then developed for the swarms,
and the size of the hierarchical radar can adjust automatically
according to the changing size of the vortex-like swarm. The
control strategy based on the hierarchical radar and the visual
feedback is proposed. To validate the functions of the three
circles, the simulation and experimental results of avoiding a
single dynamic obstacle utilizing the hierarchical radar with
different configurations are conducted. The swarm is also ca-
pable of reaching the target while avoiding multiple moving
obstacles, which indicates the effectiveness of the proposed
strategy in a complicated scenario. The navigation of the swarm
in a micromaze with different types of dynamic obstacles is
also demonstrated, revealing the high compatibility of the radar-
based algorithm.

The main contributions of this article include the following.
1) A criterion to evaluate the efficiency of dynamic obstacle
avoidance is proposed. The criterion is capable of showing the
real-time locomotion efficiency during dynamic obstacle avoid-
ance. 2) A radar-based algorithm for dynamic obstacle avoidance
is developed. Optimal moving direction of the swarm during
avoidance can be decided by the radar-based algorithm. 3) The
control strategy combining visual feedback and the radar-based
algorithm is proposed. Using the strategy, the swarm can be
navigated to the target when avoiding multiple moving obstacles
and varied obstacles in a micromaze. The effectiveness of the
strategy is validated by experiments.

II. MODELS AND DEFINITIONS
A. Kinematic Model of Vortex-Like Swarm

A vortex-like swarm can be formed and actuated using ro-
tating magnetic fields [42]. Rotating fields can be expressed as

B =[B.,B,B.]"

— cos(¢) cos(#) cos(2m ft) — sin(f) sin(27 ft)
= A | — cos(y) sin(0) cos(27 ft) 4 cos(9) sin(27 ft)
sin(y) cos(27 ft)
1

where A and f are the amplitude and the frequency of the
magnetic field, respectively.

By adding a pitch angle ¢, the swarm will move along the
direction angle 6. If the pitch angle is applied within the limi-
tation before the swarm loses its stability, a stable morphology
of the swarm will be maintained. In addition, the applied pitch
angle and the swarm velocity have a linear relationship [30]. The
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position of the swarm is denoted by P = [P, (t), P,(t)]", and

when the minor external disturbance is neglected, the kinematic
model of the swarm can be expressed as

{Pm(t) = cp(t) cos(0(t))
Py(t) = co(t) sin(0(t))

where c is a positive constant obtained by experimental calibra-
tion [30].

2

B. Real-Time Efficiency Criterion of Dynamic Obstacle
Avoidance

Conventionally, the overall locomotion efficiency is indicated
by the total length of locomotion path [43], [44], i.e., a short
path from the starting point to the target indicates a high overall
locomotion efficiency. However, in addition to the overall loco-
motion efficiency, the real-time locomotion efficiency, i.e., the
tendency of taking the shortest path to the target, also needs
to be evaluated. The reason is that the real-time locomotion
efficiency changes rapidly based on the moving of the dynamic
obstacles, and the overall locomotion efficiency cannot repre-
sent the real-time locomotion efficiency. In addition, based on
the real-time locomotion efficiency during dynamic obstacle
avoidance, the performance of dynamic obstacle avoidance at
different time can be obtained, and the control strategy can
be optimized correspondingly. Herein, we propose a criterion
to evaluate the real-time locomotion efficiency during dynamic
obstacle avoidance, which is denoted as avoidance efficiency.

To explain the criterion, the schematics of dynamic obstacle
avoidance is shown in Fig. 1(a). The swarm is moving from the
starting point (i.e., the blue dot) to the target (i.e., the green dot).
When the dynamic obstacle has a large distance between the
swarm, the moving direction of the swarm is not influenced
by the obstacle O,p. Therefore, the swarm will move along
the shortest linking between the swarm and the target OS—OZ
and the velocity is denoted by v, (i.e., the black arrow). When
the distance between the swarm and the obstacle is short, the
velocity of the swarm changes to v (i.e., the orange arrow) in
order to avoid the collision. In this case, the direction deviation
between the swarm moving direction @ and ﬂ 18 v, which can

be expressed as
a=cos ! (M) . 3)
[os[l o]

A large « reflects that the swarm has a tendency of passing a
longer path to finally reach the target, which will decrease the
avoidance efficiency. Meanwhile, if the distance between the
swarm and the target [ is large when the swarm is performing
avoidance from obstacles, the total path that the swarm tends
to have will also be longer. Hence, o and [ determine the
avoidance efficiency. The avoidance efficiency is indicated by
the avoidance cost 4, i.e., a large avoidance cost § reflects a
tendency of having a longer path, and also a low avoidance
efficiency. The avoidance cost ¢ can be expressed as

t(1-cosa) .
5 = { T obstacles exist @

0 no obstacles
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a=90°

§=0.25 d=10[8=0.65 d=60]3=0.975 d=60
(b)

Fig. 1. Schematics of dynamic obstacle avoidance and the avoidance cost
6 with different direction deviation «, swarm center-target center distance /,
and the distance between the swarm and the obstacle d. (a) The schematics of
dynamic obstacle avoidance. (b) The avoidance cost § with different direction
deviation v, swarm center-target center distance /, and the distance between the
swarm and the obstacle d. The blue and grey circles represent the dynamic
obstacle and the swarm, respectively. The blue and green dots indicate the
starting point and the target, respectively. The centers of the swarm, the obstacle,
and the target are Og, O,p, and Oy, respectively. The radii of the swarm and the
obstacle are rs and 7y, respectively. The orange and black arrows indicate the
swarm moving direction during avoidance and the moving direction when the
swarm is not influenced by the obstacle.

where [ is the distance between the starting point and the target,
as shown in Fig. 1(a), and « and / can be obtained at each time
moment. In (4), the function of « is to indicate the influence
of the dynamic obstacle on the moving direction of the swarm.
The function of / is to give a weight for the direction deviation
«a, since the influence of the same « on the total length of the
locomotion path is different when / changes. It is noted that, if the
obstacle is not circular, the avoidance cost can still be calculated
using (4).

The avoidance cost § with different conditions are shown
in Fig. 1(b). The distance between the starting point and the
target [y is 200 pixels. The avoidance cost § changes with the
direction deviation «, and its lowest value approaches zero based
on (4). When the direction deviation « is 60° and the distance
between the centers of the swarm and the target / is 100 pixels,
the avoidance cost ¢ is 0.25, which denotes a high avoidance
efficiency. When [ increases to 130 pixels and « is 90°, the
avoidance cost § becomes larger (i.e., § = 0.65). In this case,
the avoidance efficiency is low, and the total path thus tends to
be long. Based on Fig. 1(b), during the avoidance process, the
increase of the distance between the swarm and the obstacle d
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Fig. 2. Schematic diagram of the hierarchical radar. The brown, orange, and
red circles indicate the detection, safety, and prediction circle, respectively. The
grey, transparent grey, and blue circles indicate the swarm, the predictive swarm,
and the dynamic obstacle, respectively. The green dot is the target. The centers
of the swarm, the predictive swarm, the obstacle, and the target are O, Ope,
O,p, and Oy, respectively. The blue dashed arrows represent alternative swarm
moving directions 01, 02. . .0,,.

(i.e., from 10 pixels to 60 pixels) leads to a larger / (i.e., from
100 pixels to 130 pixels), which increases the avoidance cost 0.
As shown in Fig. 1(b), based on the criterion we proposed, with
the increasing of a and /, § increases significantly, indicating
that the avoidance efficiency decreases. Therefore, the proposed
criterion can well describe the avoidance efficiency.

III. RADAR-BASED CONTROL STRATEGY

In order to increase the avoidance efficiency, we aim to
decrease the value of § and guarantee that no collision between
the swarm and the obstacle occurs. Therefore, we develop a
radar-based control strategy to detect the obstacle and find the
optimal moving direction of the swarm during avoidance.

A. Configuration of Hierarchical Radar

Hierarchical radar is the key component in radar-based control
algorithm, whose schematics is shown in Fig. 2. The radar
consists of three functional boundaries, i.e., a prediction circle,
a safety circle, and a detection circle. The radar generates alter-
native moving directions of the swarm by dividing all directions
around the swarm into multiple units uniformly, and the angle
resolution is 3, as shown in Fig. 2. The number of the alternative
moving directions of the swarm is 360/, and the ith moving
direction is denoted by 6;.

Herein, we define a predictive swarm, i.e., the one that is the
current swarm moving along one of the alternative directions
after a short moment, as shown by the transparent grey circle
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in Fig. 2. Each predictive swarm corresponds to an alternative
moving direction. The position of the ith predictive swarm is de-
noted by P, (t,7) = [Poy(t,), P.y(t,1)]", and the ith alternative
moving direction can then be expressed as

_ Pey(t»i) _Py(t)
0;(t) = arctan <M) ®)

where P(t) = [P,(t), P,(t)]" is the position of the current
swarm.

The prediction circle is the circumcircle of all predictive
swarms, as shown by the red circle in Fig. 2. The radius of
the prediction circle can be expressed as

rp =1Ts +dp (6)

where 7, is the radius of the swarm, and d,, is the distance
between the current swarm center and the predictive swarm
center.

Based on (6), by setting a negligibly small d, (i.e., not
larger than 0.125 body lengths of the swarm), the radius of the
prediction circle 7, is small (i.e., not larger than 0.625 body
lengths of the swarm). In this case, the positions of the predictive
swarm and the current swarm can be regarded as the same, and
the direction obtained by the predictive swarm based on (5)
can be applied as the moving direction of the current swarm.
Meanwhile, a high collision risk exists when the obstacle enters
the prediction circle. In addition, d,, has a lower limitation, e.g.,
0.05 body lengths of the swarm, otherwise the swarm will not
have sufficient time to avoid the obstacle if the obstacle enters
the prediction circle.

The detection circle (i.e., the brown circle) serves as a trigger
for obstacle avoidance, i.e., when the obstacle enters the detec-
tion circle, the avoidance strategy will be activated. The safety
circle (i.e., the orange circle) is applied to exclude the unsafe
alternative moving directions. The radii of the detection circle
and the safety circle are shown in Fig. 3, which can be expressed
as

rq="s+dp
(N
ry="rs+ dp +d f
where 74 and r ¢ are the radii of the detection circle and the safety
circle, respectively. The detection range and the safe distance are
represented using d,- and d s, respectively. Detailed functions of
the prediction circle, the safety circle, and the detection circle
will be elaborated in Section III-B.

B. Selection of the Optimal Moving Direction of the Swarm

From Section III-A, there are 360/ alternative moving di-
rections in the hierarchical radar, and they form a set x, which
can be expressed as

X0 = {9

Based on the positions of the predictive swarm, the dynamic
obstacle, and the target, a selection function for obtaining the

§; = arctan <M)

P..(t,i) — P.(t)

i= 1,2,...,360/6}. (8)
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Fig. 3. Schematic description of the functions of the detection circle and the
safety circle. (a)—(b) The schematic description of the function of the detection
circle. (¢)—(d) The schematic description of the function of the safety circle.
The grey, transparent grey, and blue circles are the swarm, the predictive swarm,
and the dynamic obstacle, respectively. The green dot is the target. The centers
of the swarm, the predictive swarm, and the obstacle are O, Ope, and Oy,
respectively. The distance between Og and O,y is Lg. The brown, orange,
and red circles are the detection (Cy), safety (Cs), and prediction circle (C)),
respectively. The radii of the detection, safety, and prediction circle are rg,
¢, and 7y, respectively. The detection range and the safe distance are d;- and
dy, respectively. The orange and dashed orange arrows represent the valid and
invalid moving direction of the swarm, respectively.

optimal moving direction can be expressed as

P —
d)i = qtN + an (HZOpeOob

1
T ‘_rs_rob)

0.0

©)
where iOpe, Oy, and O, are the centers of the ith predictive
swarm corresponding to the ith alternative direction 6;, the target
and the dynamic obstacle, respectively. The Euclidean norm of
the vector from the ith predictive swarm center to the target

center is ||?Ope O], and ||?OpeOyp|| is the Euclidean norm of

the vector from the ith predictive swarm center to the dynamic

obstacle center. N(-) is the normalization in order to keep the
1

terms ool and ||?OpeOop|| — 75 — 7op in @ same range, i.e.,
pet

from O to 1. It is noted that, if the obstacle is not circular,
y . . .

[I"OpeOob|| — rs — rop in (9) will be converted to the distance

between the edge of the predictive swarm and that of the obstacle.

In (9), a larger H% indicates that the selected direction

Ope Ol
hgs a higher tendency of approaching the target, and a larger
[I’OpeOop|| — s — rop indicates the selected direction has a
higher tendency of avoiding the obstacle. The target weight and
the avoidance weight are ¢; and q,, respectively. By tuning ¢,
and g, the proportion of the two tendencies will change when
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selecting the direction, based on (9). In order to automatically
tune the proportion, ¢; and g, are obtained by the following
equation:

p 0
i =loa | ey ]

Tstrob  Td
where k; and k, are positive constants that keep ¢; larger than
qa-
In (10), @ and @, are set inspired by the artificial potential
field method [45], which can be expressed as

1 j|=—=?
Qr = isHOsOt (11)
2
1 1 1

Qa:§77 W*E (12)

where € and 7 are the gravitational scale factor and the repulsive
field factor, respectively.

From (10), ¢; is kept larger than ¢, . In this case, when selecting
the direction, the priority of the swarm approaching the target is
higher than that of avoiding obstacles, in order to make sure that
the swarm can reach the target finally instead of keeping avoiding
obstacles. In addition, if the radius of the detection circle r is
larger, or the obstacle is closer to the swarm, the influence of the
obstacle is considered larger, and thus, g, increases.

In (9), the direction quality of the ith direction is ¢;, which is
the sum of the two different tendencies under the corresponding
weight g; and ¢,. The direction with the largest ¢; is the optimal
direction that keeps the balance between approaching the target
and avoiding the obstacle. The position of the predictive swarm
corresponding to the direction with largest ¢; can be reversely
deduced as P.(t,opt) = arg max(¢;).

Based on (5), the optimal moving direction of the swarm can
then be expressed as

13)

Bupi(1) = arctan (P ey, 0pt) — P y(t)> .

P..(t,opt) — P.(t)

The optimal moving direction is obtained based on the set g
in (8). However, the set y( needs to be further screened based
on the functions of the detection circle and the safety circle, in
order to become the final set for the optimal direction selection.

The function of the detection circle is shown in Fig. 3(a)
and (b). If the dynamic obstacle is out of the detection circle
(i.e., Ly — rop > 14), as shown in Fig. 3(a), the obstacle will

be neglected, and the term qo N (||*OpeOop|| — 75 — T0p) in (9),
which is about the dynamic obstacle avoidance, will be elimi-

nated. As a result, only the term q; N (—=—-) exists, which

[F0pe Ol
is about approaching the target. The selected direction thus has

the highest tendency to approach the target. If the resolution 3
is sufficiently small (i.e., less than 1°), the selected direction
is pointing approximately from the current swarm toward the
target, which is the direction of v, in Fig. 3(a). The selected
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moving direction in this case is

0, — arctan ( (14)

Pty — Py(t)
Ptx - Pz(t))

where [Py, Pty]T is the position of the target. The set of alter-
native directions when the obstacle is out of the detection circle
can then be expressed as

i ={016=16;}.

However, as shown in Fig. 3(b), when the dynamic obstacle
enters the detection circle (i.e., Ly — rop < T4), the obstacle is
taken into consideration when selecting the optimal direction,

5)

Pa—
and thus, the term ¢, N (||"OpeOop|| — rs — Top) in (9) remains
for consideration. With the influence of the dynamic obstacle,
the optimal moving direction of the swarm changes from Ui to
v2 in order to avoid the collision, as shown in Fig. 3(b). In this
case, the optimal moving direction is selected from the set
(8), which is the set of all alternative directions. Hence, after the
screening of the detection circle, the set of alternative directions

can be expressed as

XF> Lqg —Top > 74
X1 = (16)
X0, La —rop < 7g.

It is noted that, the alternative directions in the set x; cannot
be guaranteed safe, i.e., the swarm may collide with the obstacle
when moving in some of the moving directions selected from
the set 1. The set x; thus needs to be screened based on the
function of the safety circle, in order to make sure that the optimal
direction selected from the set is safe.

The function of the safety circle is shown in Fig. 3(c) and (d).
The safety circle is defined to be inside the detection circle, since
the safety circle takes effect after the set x is screened based
on the function of the detection circle. The elimination of the
moving directions depends on the comparison between the val-
uesof Ly, i.e., the distance between the corresponding predictive
swarm and the obstacle, and d¢, i.e., the safety distance indicated
in Fig. 3. If the obstacle enters the detection circle but locates
outside the safety circle, as shown in Fig. 3(c), the direction from
the swarm toward the obstacle (i.e., ﬁ ) can be safe, because L ¢
is larger than d. In this case, the set of alternative directions is
still x1,1.e., none of the alternative directions in the set 1 will be
eliminated. However, when the obstacle enters the safety circle,
as shown in Fig. 3(d), the moving direction from the swarm
toward the obstacle (i.e., zﬁ ) and some other directions in the
set x1 need to be eliminated due to the low safety (i.e., L < dy¢),
as shown by the dashed orange arrows in Fig. 3(d). Then, the
moving direction needs to change from qf{ to 1@) . Hence, after
the screening based on the functions of the detection circle and
the safety circle, the set of alternative directions can be expressed
as

aL —To Zr
X2 = {Xl d b f (17)

{0exi|ly>ds},La—1op <ry

where L, is the distance between the current swarm center and
the obstacle center.
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As aresult, the set x( includes all possible alternative direc-
tions of the swarm locomotion. After the screening based on
the functions of the detection circle and the safety circle, the
initial set ¢ is degenerated into the set 5. Moreover, by using
the selection function in (9), the optimal moving direction of the
swarm is selected from the set 5. Itis noted that, for the obstacle
that is not circular, when the distance between the swarm center
and the edge of the obstacle is smaller than the radii of the circles,
it can be regarded that the obstacle enters the circles.

C. Radius Control of Safety Circles

The safety circle is used to eliminate the unsafe alternative
directions. When the safety circle is small, the safety distance
dy also reduces (7). When the obstacle enters the safety circle,
the set xo (17) will contain more alternative directions that
meet the condition Ly > dy. In this case, a large proportion
of the alternative directions with a small direction deviation «
remain, which leads to alow avoidance cost and a high avoidance
efficiency. Therefore, the radius of the safety circle needs to be
controlled based on the relative position between the swarm and
obstacles, in order to simultaneously achieve obstacle avoidance
and a high avoidance efficiency. Herein, the model predictive
control (MPC) is applied to tune the radius of the safety circle.

We assume that when the swarm is avoiding the dynamic
obstacle, the obstacle has a tendency of colliding with the swarm.
In the line between the obstacle and the swarm, as shown by
OxpO; in Fig. 3(c) and (d), the velocity component of the
obstacle related to that of the swarm is assumed by v,, and
o points from the obstacle toward the swarm. The Euclidean
norm of the velocity component is ||v..||. In this case, after a
time ¢,5, the distance between the swarm and the obstacle will
decrease ||v,|| - t,s. We set the upper limit of the radius of the
safety circle to 79, and the current radius of the safety circle
can be expressed as

rr =150 — ||vr| tas- (18)

The assumed velocity component v,. depends on the distance
between the swarm and the obstacle, and MPC method is adopted
to obtain the optimal v,.. Under the assumption, in the line
between the swarm and the obstacle, the model of the relative
motion between the swarm and the dynamic obstacle can be
expressed as

(?(t) _ {cos(@r)
b(t) sin(6,.)

. 2 T
where [a(t),b(t)] is the vector of the obstacle velocity compo-

_||Urmaxsin(9r)] [Iz((:))ll] (19)

01 cOS(6,)

max

nent related to that of the swarm in the line, a(t) and b(t) are
its x-axis component and y-axis component, respectively. The
direction from the obstacle center to the swarm center is 6,., i.e.,
the angle between O,,O; and the positive x-axis. The assumed
velocity of the obstacle is v, (t), and ||v, || .., is the upper limit
of ||v,.(t)]]. The state space of the model (19) in discrete time is

x(k+1) = Az(k) + Bu(k) (20)

where
w= [ao) =50
a= o 35 [Fat) il

The sampling time is 7, and [a(t), E(t)]T is the position of the
obstacle relative to the swarm.
The constraints are expressed as
o) - T < dso (22)
where d;,, is the distance between the swarm and the obstacle.

In this case, the control objective is to find the optimal ||v,.(¢) |
(i.e., [|[Vropi(t)|]) that minimizes the following cost function:

N
J = (a(k+ilk) Qu(k+ilk)+u(k + i|k)" Ru(k-+ilk))
=0

(23)
where N is the prediction time domain, k is the current time,
x(k + i|k) and u(k + i|k) are the predicted state and input based
on the current state and input at time k, and Q and R are the weight
matrices of collision and avoidance possibility, respectively.

After the optimization, the radius of the safety circle can be
expressed as

i =750 = [[vropi(t) | tas- (24)

The ||vrop(t)]| changes based on the distance between the ob-

stacle and the swarm, and the radius of the safety circle 7 thus

changes accordingly. We also expect that the changing speed of

¢ increases when the velocity of the dynamic obstacle increases.

D. Control Diagram of the System

The diagram of the control system is shown in Fig. 4. The
system mainly consists of three units, i.e., a detection unit,
an actuation unit, and a radar-based controller. The real-time
images of the microrobotic swarm, the target, the boundaries,
and the obstacles are observed by the optical microscope, in
order to obtain the swarm position, the swarm radius, the target
position, and the positions and radii of dynamic obstacles. The
position and radius of the swarm are then input to the radar-
based controller to generate the hierarchical radar. The positions
and radii of dynamic obstacles are known for the controller.
Meanwhile, the boundaries and target position are input to the
global path planner to generate an initial path guiding the swarm
between the boundaries. Subsequently, the waypoints in the path
(n1,ns...ny)acting as phased goals are generated and taken into
consideration for the optimal direction selection. Based on the
set x2, the waypoints, and the positions of dynamic obstacles
and the predictive swarms, the optimal moving direction 0 of
the swarm is selected. Finally, the desired magnetic field can be
obtained and generated to actuate and control the swarm.
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Fig. 4. Diagram of the control system. The system consists of a detection unit, an actuation unit and a radar-based controller. The input of the system are the

swarm, the target, the boundaries, and the obstacles. The output is the optimal swarm moving direction 6. The centers of the swarm, the predictive swarm, and
the obstacle are O, Ope, and O, respectively. The radii of the swarm and the obstacle are 7 and 7., respectively. The set of the alternative directions after
screened by the functions of the detection circle and the safety circle are x1 and x2, respectively. The waypoints in the global path are ny, na. . .ng.

IV. SIMULATION
A. Avoidance of a Single Dynamic Obstacle

Herein, the process that a swarm avoids a single dynamic
obstacle utilizing the hierarchical radar with different radii of
the detection and safety circles is simulated, as shown in Fig. 5,
in order to explain the influence of the radii of the detection
and safety circles on the control procedure. The influence of
changing the radius of the prediction circle is not investigated,
because the radius of the prediction circle is small (not larger
than 0.625 body lengths of the swarm) and has little space to
change, as shown in Section III-A. In simulations, the radius of
the prediction circle is set to 125 pixels (0.625 body lengths of
the swarm), as shown by the red circle.

In the simulation, a single obstacle moving downward with
a fixed velocity is applied. In Case I, as shown in Fig. 5(a),
a detection circle (i.e., the brown circle) with a small radius
(i.e., 170 pixels) and a safety circle (i.e., the orange circle) with
a small radius (i.e., 150 pixels) are defined in the hierarchical
radar. The initial positions of the swarm Py and the dynamic
obstacle is shown at t = 0 s, and at this moment, the moving
direction of the swarm (i.e., the orange arrow) points from its
center toward the target since the obstacle is out of the detection
circle. The swarm keeps moving in the direction until # = 12.1 s,
from Py to P;. At the same time, the avoidance cost keeps as 0,
as shown in Fig. 6(a). At = 12.1 s, the dynamic obstacle enters
the detection circle, and the avoidance behavior is triggered. The
moving direction of the swarm changes in order to avoid the
collision, while the avoidance cost starts increasing, as shown in
Fig. 6(a). During avoidance, for instance, as shown att =28 s, the
obstacle overlaps with the safety circle, and thus, the safety circle
dominates the avoidance procedure. Due to the small radius of
the safety circle, a large proportion of alternative directions with
a small direction deviation « can be remained, which leads to

a low avoidance cost [shown in Fig. 6(a)] and a high avoidance
efficiency. Subsequently, the obstacle leaves the detection circle
at t = 30.6 s, indicating the avoidance task is finished, and the
swarm again moves toward the target straightly. During obstacle
avoidance, the change of avoidance cost § is shown in Fig. 6(a),
and it comes to 0 again when the avoidance task is finished.
Finally, at + = 48.8 s, the swarm reaches the target, and the
approximate moving path of the swarm in the whole process
is denoted by Py P P> P3Py, as shown in Fig. 5(a). The time
duration when the swarm is avoiding the obstacle, i.e., the period
when the obstacle is overlapping with the detection circle (from
t = 12.1 s to t = 30.6 s), is denoted by t¢,. The total time
of the swarm moving from the starting point to the target is
denoted by 7. Due to the small detection circle, ¢, is small (i.e.,
t, = 18.5s). In this case, the time period when the obstacle is out
of the detection circle, i.e., ty — ¢, islong. During the period, the
avoidance cost d = 0, and it leads to a small average avoidance
cost & of the whole process. As a result, due to the small safety
circle and the small detection circle, the average avoidance cost
0 = 0.14, the total time t; = 48.8 s and the avoidance time
t, = 18.5 s are the smallest among the three cases.

In Case II, a detection circle with a radius of 350 pixels
and a safety circle with a radius of 150 pixels are defined in
the hierarchical radar, in order to explain the influence of the
detection circle radius on the control procedure, as shown in
Fig. 5(b). The initial positions of the swarm and the obstacle are
shown at r = 0 s, which are the same as those in Case 1. At the
beginning (i.e., = 0 s), the swarm moves toward the target since
the obstacle is not detected. However, compared to Case I, the
obstacle enters the detection circle earlier (i.e., r = 7.9 s) due to
the larger detection circle, and the avoidance cost becomes larger
than O at = 7.9 s, as shown in Fig. 6(b). During avoidance, at
t = 28 s, the obstacle overlaps with the detection circle not the
safety circle due to the large distance between the safety circle

Authorized licensed use limited to: The University of Osaka. Downloaded on November 07,2025 at 03:14:27 UTC from IEEE Xplore. Restrictions apply.



LIU et al.: AUTOMATIC NAVIGATION OF MICROSWARMS FOR DYNAMIC OBSTACLE AVOIDANCE 2777

Case ] Obstacle C.-dominant Detection t=185s
. Tarce . . e
C;S . rget detected avoidance finished 5=0.14 P
C;:S , @ 4
5 P, 5
Vo Yo l 4 P, e
Motion ® Vol@& \ l @ b .‘_.37 I.’
~ direction : AP ? P, 4. :
@ ‘o P ‘o ! ‘o P, Vol'
P PO PO PO PO
0 t=0 s t=12.1s t=28.0 s t=30.6 s t=48.8 s
(a)
Case II Obstacle C,-dominant Detection t,=29.4s
. [arget i i =
C,L . Arg detected avoidance finished 5=0.18
C:S , l
v, °
YoV Motion v l $ &
s - 0 [ )
direction 2 v, L P, P P,
WP ‘o P, V‘)l"
P, P, P, P,
: =0s t=7.9s =28.0's t=37.3 s =519
(b)
Case III N Obstacle C.-dominant Detection t,=31.1s
C,L larget detected avoidance finished 5= 028
C:L
\D) . Vol ‘.. P3
Motion P A
direction Vo l - s ,4" ----- >e P
‘o P, 2 v, l ’ 2
P, P, 0
t=0s t=79s t=39.0 s t=58.6 s
Fig. 5. Simulation results of avoidance of a dynamic obstacle in the three cases. (a) Case I: A small detection circle and a small safety circle. (b) Case II: A large

detection circle and a small safety circle. (c¢) Case III: A large detection circle and a large safety circle. The grey and blue circles indicate the swarm and the obstacle,
respectively. The green dot denotes the target. The brown, orange, and red circles are the detection (Cy), safety (C), and prediction circle (C),), respectively. The
orange and blue arrows indicate the velocity of the swarm and the dynamic obstacle, respectively. The black dashed arrows indicate the approximate moving path
of the swarm. L represents a relatively large size, and S indicates a relatively small size.

1 , — , , . , and the detection circle, and thus, the detection circle dominates
| (~Qvoidance| CsS, G S the avoidance procedure. Due to the larger detection circle, the
© 0.5¢ E E i avoidance weight q, increases (10). Therefore, when selecting
0 - ) < 3-(') — o5, e optimal direction, the term g, N (HiO?eOObH —rs = r?b) in
Time/s (9) relating to the dynamic obstacle avoidance will be higher.
15 . ' (@) . . ' As a result, in the control procedure, the swarm has a higher
L ! Avoidance ! —C,LC:S|]| tendency of avoiding the obstacle, and the direction deviation «
w0 ' ' is larger compared to that in Fig. 5(a), which results in a higher
051 ' ' | avoidance cost and a lower avoidance efficiency. Subsequently,
0y 10 30 30 4 30 ) 70  the obstacle leaves the detection circle at t = 37.3 s and reaches
T1(mb§/ § the target at r = 51.9 s, as shown in Fig. 5(b). Due to the larger
1.5 — — , - ; ; detection circle, t, = 29.4 s is larger compared to that in case I

' Avoidance ! —C LCL . _ . . . .
1E ' | L, CrL| ] (i.e., t, = 18.5 s), and the time period that the moving direction
osl :[’\ ! i of the swarm is influenced by the obstacle is longer, leading to
0 v, . ) ' ) ) a higher avoidance cost. As a result, the average avoidance cost
0 10 20 30Time/s 50 60 70 0 = 0.18, total time ¢ty = 51.9 s, and avoidance time ¢, = 29.4 s

(c) are larger than those in Case 1.

Subsequently, in Case III, a detection circle with a radius
Fig. 6. Avoidance cost ¢ in the three cases. (a) The avoidance cost in Case  of 35() pixels and a safety circle with a radius of 330 pixels are

I. (b) The avoidance cost in Case II. (c) The avoidance cost in Case III. The

detection circle and the safety circle are Cy and Cj, respectively. L represents
a relatively large size, and S indicates a relatively small size.

defined in the hierarchical radar, in order to explain the influence
of the safety circle radius on the control procedure, as shown in
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Fig.7. Average avoidance cost d in three series of simulations. (a) The average

avoidance cost 8 in series I: 74 ranges from 170 pixels to 350 pixels while I

remains at 150 pixels. (b) The average avoidance cost § in series II: 7 ¢ ranges
from 150 pixels to 330 pixels while 74 remains at 350 pixels. (c) The average
avoidance cost 6 in Series III: 7 ¢ ranges from 150 pixels to 230 pixels while rg
remains at 250 pixels.

Fig. 5(c). All other initial conditions are maintained the same
with those in Case I and Case II. At = 28 s, due to the large
safety circle and the small distance between the safety circle and
the detection circle, the obstacle enters the safety circle, and thus,
the safety circle dominates the avoidance procedure. In this case,
more moving directions that have a small direction deviation
« are eliminated, and the avoidance cost will thus be higher
compared to that in Case II, which leads to a lower avoidance
efficiency. Subsequently, the obstacle leaves the detection circle
at t = 39.0 s and reaches the target at + = 58.6 s, as shown
in Fig. 5(c). The minor difference between ¢, in Case III (i.e.,
31.1 s) and that in Case II (i.e., 29.4 s) is observed, due to the
same radii of the detection circles in the two cases. As a result,
due to the largest radii of the safety circle and the detection
circle, the average avoidance cost 0 = 0.28 and the total time
t; = 58.6 s are largest among three cases.

The curves of the avoidance cost § in the three cases are
shown in Fig. 6. When the swarm starts avoiding the obstacle,
the avoidance cost first increases, due to the growing influence
of the obstacle on the swarm when the obstacle is approaching
the swarm. Subsequently, the avoidance cost decreases, because
the swarm completes the avoidance and gradually leaves the
obstacle, leading to a decreasing influence of the obstacle on the
swarm. From Fig. 6, the avoidance time ¢, the total time ¢; are
the shortest in Case I, and the average/maximum avoidance cost
in Case I is also the smallest one in the three cases.

To test statistically on how radii values of the detection and
safety circle impact the avoidance cost, we have conducted
more simulations to compare the average avoidance cost from
the starting point to the target with different radii values, and
the result is shown in Fig. 7. The initial conditions of each
simulation are the same as those in Cases [-III. We have divided
the simulations into three series as follows.
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Series I 'The average avoidance cost when the radius of the
detection circle is different (i.e., from 170 pixels
to 350 pixels), and the radius of the safety circle
remains the same (i.e., 150 pixels).

The average avoidance cost when the radius of the
safety circle is different (i.e., from 150 pixels to
330 pixels), and the radius of the detection circle
remains the same (i.e., 350 pixels).

The average avoidance cost when the radius of the
safety circle is different (i.e., from 150 pixels to
230 pixels), and the radius of the detection circle
remains the same (i.e., 250 pixels).

In Series I, when the radius of the safety circle remains the
same, the average avoidance cost increases as the detection circle
is larger. This is because when the detection circle is larger,
the avoidance weight g, when selecting the optimal direction
is larger (10), which leads to a larger direction deviation «v and
increases the avoidance cost. In addition, a larger detection circle
will lead to a longer avoidance time, which also increases the
avoidance cost.

In Series II, the radius of the detection circle remains the
same. The average avoidance cost increases with the radius of
the safety circle, when the radius of the safety circle is larger
than 170 pixels, please refer to the point A in Fig. 7. This
is because when the safety circle is larger, more alternative
directions with a small o will be eliminated, which increases
the average avoidance cost. When the radius of the safety circle
is smaller than 170 pixels, the avoidance cost decreases with the
radius of the safety circle, please refer to the point A in Fig. 7.
The reason is that when the safety circle is smaller, the distance
between the obstacle and the swarm decreases, and the avoidance
weight g, increases (10), which leads to a higher avoidance cost.
If the influence of the high avoidance weight on the avoidance
cost is larger than that of the small radius of the safety circle,
the avoidance cost will increase. However, in experiments, the
radius of the detection circle is smaller than that in series II
(i.e., 350 pixels). If the radius of the detection circle is small,
e.g., 250 pixels, the influence of the avoidance weight g, will
be lower than that caused by the radius of the safety circle (10).
In this case, the avoidance cost will increase when the radius of
the safety circle is larger, as shown in Series III.

From Cases I-III and Series I-III, we can obtain the conclu-
sion that, to decrease the avoidance cost §, the detection circle
and the safety circle need to be designed small. In fact, the
radii of the detection circle and the safety circle have a lower
limitation, e.g., 0.55 body lengths of the swarm, in order to leave
the swarm with sufficient time to respond to the obstacles for
collision avoidance.

Series II:

Series III:

B. Avoidance of Multiple Dynamic Obstacles

To better validate the effectiveness of the radar-based algo-
rithm, 12 moving obstacles with different velocities and initial
positions are applied, as shown in Fig. 8(a). A hierarchical radar
with a detection circle (i.e., the brown circle), a safety circle (i.e.,
the orange circle), and a prediction circle (i.e., the red circle) is
applied. The radius of the prediction circle is 125 pixels (0.625
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Fig. 8.  Simulation results of the avoidance of multiple moving obstacles. (a)

The simulated procedure of a swarm avoiding multiple moving obstacles. (b) The
avoidance cost ¢ in the simulation. The grey and blue circles indicate the swarm
and the obstacle, respectively. The obstacle overlapping with the detection circle
is highlighted with light red color. The green dot is the target. The brown, orange,
and red circles are the detection (Cy), safety (C'), and prediction circle (Cp),
respectively. The orange and blue arrows indicate the velocity of the swarm
and the dynamic obstacle, respectively. The black dashed arrows indicate the
approximate moving path of the swarm. Time periods I-IV are those when the
swarm is performing the avoidance task.

body lengths of the swarm). To decrease the avoidance cost, a
detection circle with a small radius (i.e., 150 pixels) is defined,
and the upper limit of the radius of the safety circle is set to
150 pixels, which is the same as the radius of the detection
circle. Using the MPC strategy introduced in Section III-C, the
radius of the safety circle is

r§ =150 — ||vrop(t)]] - (25)

The radius of the safety circle can change automatically accord-
ing to the distance between the obstacle and the swarm.

The initial positions of the swarm and dynamic obstacles are
shown at t = 0 s. When there is no obstacle overlapping with the
detection circle, the avoidance behavior is not triggered, and the
moving direction of the swarm is toward the target, as shown at
t = 49.2 s in Fig. 8(a). When an obstacle enters the detection
circle, the swarm will try to avoid it (i.e., the light red circle), as
shown at 1 = 74.6 s. The avoidance cost 0 is 0.56 at t = 74.6 s,
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Camera

Fig. 9. Experimental system. The insets show the experimental images of
two states of nanoparticles. State I: Dispersed nanoparticle clusters. State IT: A
swarm.

indicating a low avoidance efficiency at the moment. The swarm
reaches the target at t = 138.4 s.

The curve of the real-time avoidance cost ¢ is shown in
Fig. 8(b). There are several time periods when ¢ is 0, indicating
no avoidance is performed, because dynamic obstacles are out
of the detection circle. In addition, the time periods when the
swarm is avoiding the obstacle can also be observed, as shown
by the time period I to the time period IV in Fig. 8(b). The
average avoidance cost & = 0.13 is low, which validates that the
proposed strategy is effective for the swarm to avoid multiple
moving obstacles.

V. EXPERIMENTAL RESULTS
A. System Setup

The magnetic actuation system is shown in Fig. 9. We use a
three-axis Helmholtz coil to generate the rotating magnetic field
for the actuation of microrobotic swarms, an optical microscope
and a camera for vision feedback, along with a host computer to
implement the control strategy. One drop of Fe;O4 nanoparticle
suspension (20 pL, 1 mg/mL) is added into 5% PVP solution
in the tank, and the diameter of the nanoparticle is 100 nm.
Using the rotating magnetic field with a frequency of 16 Hz
and a strength of 8 mT, the dispersed magnetic nanoparticles
form a vortex-like swarm, as shown in the insets in Fig. 9. Due
to different initial particle concentrations and that inside the
swarm after swarm formation, the diameter of the swarm can be
different from case to case, and in addition, the diameter of the
swarm also changes when moving due to the fluidic drags [42].
In the experiments, the diameter of the swarm ranges from 600
to 1000 pm. A silicon wafer is used as the substrate to enhance
the imaging contrast. In the experiments, the computation time
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Fig. 10.  Experimental validation of the avoidance of a dynamic obstacle with

different detection and safety circles. (a) The experimental procedure of the
avoidance in Case 1. (b) The avoidance cost § in Case I: A small detection
circle and a small safety circle. In Case I, d;, = 25 pixels, df = 25 pixels,
and d,, = 70 pixels. (c) The avoidance cost ¢ in Case II: A large detection
circle and a small safety circle. In Case II, d, = 25 pixels, d ;= 25 pixels,
and d, = 250 pixels. (d) The avoidance cost § in Case III: A large detection
circle and a large safety circle. In Case III, d;, = 25 pixels, dy = 205 pixels,
and d,, = 250 pixels. The blue circle and the green dot indicate the dynamic
obstacle and the target, respectively. The brown, orange, and red circles are the
detection (C'y), safety (C’), and prediction circle (C),), respectively. L represents
a relatively large size, and S indicates a relatively small size. The scale bar is
500 pm.

of the image processing for visual feedback is 0.05 s, and the
time response of the swarm to the magnetic field is 0.1 s. The
dynamic obstacles are virtually overlaid on the real experiment’s
imaging plane. If the obstacle has a higher velocity than that of
the swarm, and meanwhile, it has the tendency to collide with
the swarm, the collision cannot be avoided. In this case, the
velocity of the swarm is set higher than those of the obstacles in
the experiments.

B. Avoidance of a Single Dynamic Obstacle

To validate the functions of the detection circle and the safety
circle, the experimental results of the avoidance of a single
dynamic obstacle are shown in Fig. 10. A single obstacle (i.e.,
the blue circle) moving downward with a fixed velocity of 40
pm/sis applied, and the velocity of the swarmis 106.4 pm/s. The
diameter of the obstacle is 900 ym. Different detection circles
and safety circles are defined in the hierarchical radar, i.e., Case
I: a small detection circle and a small safety circle; Case II: a
large detection circle and a small safety circle; Case III: a large

IEEE TRANSACTIONS ON ROBOTICS, VOL. 39, NO. 4, AUGUST 2023

detection circle and a large safety circle. Because in experiments,
the radius of the swarm is not a constant value, the radii of the
prediction circle 7, (), the safety circle r¢(t), and the detection
circle 4(t) are modified as

mp(t) = 7s(t) +dp
Tf(t) = Ts(t) + dp + df
ra(t) =rs(t) + d,

(26)

where r(t) is the changing radius of the swarm, and dp,dy,and
d,- are the distance between the predictive swarm and the current
swarm, the safety distance and the detection range, respectively.

The experimental procedure of the avoidance in Case I is
shown in Fig. 10(a). At r = 0 s, the swarm is at position P,
and at r = 11.1 s, the swarm moves to P;. At the same time, the
obstacle enters the detection circle, which triggers the avoidance
behavior. Therefore, a significant increase of the avoidance cost
¢ is resulted in, as shown in Fig. 10(b). During avoidance,
for instance, as shown at + = 20 s in Fig. 10(a), the obstacle
overlaps with the safety circle, and the safety circle dominates
the avoidance procedure. Due to the small radius of the safety
circle, the direction deviation « is small, which leads to a low
avoidance cost [shown in the colored region of Fig. 10(b)] and a
high avoidance efficiency. Subsequently, the obstacle leaves the
detection circle at ¢t = 32.8 s, and the avoidance task is finished
as shown in Fig. 10(a). Meanwhile, the avoidance cost comes to
0 again, as shown in Fig. 10(b).

The curves of the avoidance cost § in Case I, Case II,
and Case III are shown in Fig. 10(b), (c) and (d), re-
spectively. The avoidance cost increases first then decreases,
due to the changing influence of the dynamic obstacle on
the swarm. In these three cases, with the increasing of the radii of
the detection circle and the safety circle, the average avoidance
cost 0 are 0.15, 0.24, and 0.29, respectively. The total time
ty thus increases significantly from Case I to Case III. As a
result, the experimental results have a good agreement with the
simulations. In addition, the updating frequency of the moving
direction obtained from the control strategy is 9.6 Hz, which
shows the high effectiveness of our proposed strategy.

The curves in the experiments shown in Fig. 10 have more
oscillation compared to the curves in the simulation, as shown
in Fig. 6. The reasons can be that, the radius of the swarm is
changing, and oscillation exists when detecting the real-time
distance between the swarm and the target.

C. Avoidance of Multiple Dynamic Obstacles

To validate the effectiveness of the radar-based algorithm
in avoiding multiple dynamic obstacles, herein, 12 obstacles
with random positions and velocities (i.e., the blue circles) are
deployed, as shown in Fig. 11. The maximum velocity and the
diameter of the obstacles are 66.8 ym/s and 550 pm, respectively.
The velocity of the swarm in this case is 85.8 pum /s. The
hierarchical radar is applied to navigate the swarm for collision
avoidance. The precise values of r,(t), r4(t), and rf(t) cannot
be obtained when multiple randomly moving obstacles exist. To
control 7, (t), 7q(t), and 7¢(t) in ranges that can guarantee the
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Fig. 11.

Experimental results of the avoidance of multiple moving obstacles. The blue circles indicate the dynamic obstacles. The obstacle overlapping with the

detection circle is highlighted with light red color. The green dot is the target. The brown, orange, and red circles are the detection (Cy), safety (C’), and prediction
circle (Cp), respectively. The orange and blue arrows indicate the velocity of the swarm and the dynamic obstacle, respectively. The black dashed arrows indicate
the approximate moving path of the swarm. The dashed grey lines are the auxiliary lines to represent the direction deviation .. Time periods I-IV are those when

the swarm is performing the avoidance task. The scale bar is 500 pm.

avoidance of collisions and improve the avoidance efficiency,
based on preliminary simulation and experimental results, dp,
dy,and d,. in (26) are set to 25, 25, and 50 pixels, respectively. In
addition, the radius of the safety circle is further controlled using
MPC based on (24). The radii of the prediction circle r,(t), the
safety circle 7;(t), and the detection circle 74(t) can then be
expressed as

rp(t) = rs(t) +25
ry(t) =7s(t) + 50 — [[vrop(t)]]
ra(t) = rs(t) + 50 (27)

where 7;(t) is the radius of the swarm.

The initial positions of the swarm and dynamic obstacles are
shown at t = 0 s, and the initial position of the swarm is denoted
by Fp. During the whole process, there are four time periods
when there are obstacles overlapping with the detection circle
(i.e., time period I-IV). When the swarm moves from Fj to
P; att = 5.5 s in the time period I, the swarm is avoiding the
dynamic obstacle overlapping with the detection circle (i.e., the
light red circle), and the avoidance cost ¢ is 0.26 at t = 5.5 s.
When there is no obstacle overlapping with the detection circle,
the swarm is moving toward the target, and the avoidance cost
0 = 0, as shown at r = 14.8 s. At = 23.8 s in the time period II,
the second dynamic obstacle is overlapping with the detection
circle. The avoidance cost 6 = 0.30 at r = 23.8 s is higher than
that at r = 5.5 s (i.e., 6 = 0.26), because the direction deviation
a [in (4)] is larger. Then, the swarm moves to P, att = 63.3 s

in time period III. At r = 63.3 s, two dynamic obstacles overlap
with the detection circle, as shown by the light red circles, the
swarm is triggered to avoid the nearer obstacle. At r = 63.3 s,
since the distance between the swarm and the two dynamic
obstacles is changing, the one near to the swarm is changing by
turns, and both of them will have influence on the locomotion
of the swarm. As a result, the moving direction of the swarm at
t = 63.3 s points to the upper-left side in order to avoid the two
dynamic obstacles, as shown by the orange arrow. The moving
direction also leads to a large direction deviation « and a large
avoidance cost § = 0.60. Subsequently, the swarm moves to Ps
at t = 106.7 s. From P, to Ps, one of the dynamic obstacles
encountered by the swarm at + = 63.3 s leaves the detection
circle, and the avoidance cost § is small (i.e., § = 7.5 % 1075)
at t = 106.7 s due to the small direction deviation o and the
small distance between the swarm and the target. Atz = 134.5 s
in the time period IV, in order to avoid the upper boundary
and the obstacle, the moving direction of the swarm points to
the bottom-left, which leads to large direction deviation o and
high avoidance cost (i.e., § = 0.40). Finally, at t = 158.7 s, the
swarm reaches the target. The increase of the number of dynamic
obstacles (i.e., from a single obstacle to twelve obstacles) leads to
higher computation load. When twelve obstacles are deployed,
the updating frequency of the moving direction obtained from
the control strategy is 4.3 Hz, which is lower than that when only
one obstacle is deployed in Section V-B (i.e., 9.6 Hz). Both of
the updating frequencies are sufficient for the swarm to perform
the avoidance task, which validates the effectiveness of our
strategy.
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Fig. 12. Real-time avoidance cost § during the avoidance procedure from

multiple moving obstacles. Time periods I-IV are those when the swarm is
performing the avoidance task.

The curve of avoidance cost J in the whole process is shown
in Fig. 12, and the four time periods when there are obstacles
overlapping with the detection circle (i.e., time period I-IV)
are labeled. The average distance between the swarm and the
obstacle during the avoidance period is 75.31 pm (i.e., about
0.10 body lengths of the swarm). The successful avoidance
of multiple moving obstacles with an average avoidance cost
& = 0.25 validates the effectiveness and high efficiency of the
proposed control method.

D. Dynamic Obstacle Avoidance in a Micromaze

To further verify the effectiveness of the radar-based control
strategy in a more complex environment, a micromaze and dif-
ferent types of dynamic obstacles are preset in the workspace, as
shown in Fig. 13. An improved global path planner is combined
with the modified radar-based algorithm to navigate the swarm
to the target in the micromaze while avoiding dynamic obstacles.
Modifications have been made to the radar-based algorithm, in
order to adapt to different obstacles. As shown in Fig. 13(a), a
global path from the original point to the target is generated by
the path planner, in order to navigate the swarm in the micro-
maze without obstacles. Herein, we use the fast marching tree
algorithm (FMT%*) [46] to generate the global path. To prevent
collisions between the swarm and the walls of the micromaze, we
consider the radius of the swarm. The constraint of the sampling
points can be expressed as

0 < Dist(node, wall) < 745 (28)

where 7g4max 1S the maximum radius of the swarm, and
Dist(node, wall) is the distance between the sampling points
and the walls.

Using the proposed algorithm, the tree branches between
sampling points (i.e., the green lines) have a distance between
the walls, as shown in Fig. 13(a). Based on the FMT¥*, a global
path is generated by linking the chosen sampling points (i.e.,
the red line), and the global path will keep a predefined distance
between the walls, ensuring the avoidance of collisions between
the swarm and walls. The waypoints in the global path are
nq (original point), ng, . . .ng, nio(target), as shown by the red
dots. The waypoints act as phased goals to navigate the swarm
and will be reached by the swarm in sequence, from 14 to nig.

IEEE TRANSACTIONS ON ROBOTICS, VOL. 39, NO. 4, AUGUST 2023

Herein, three types of dynamic obstacles are applied, i.e.,
moving obstacles, reversibly expanding obstacles, and valve-
like obstacles, as shown in Fig. 13(b). The moving obstacles in
the left side of the maze have a diameter of 330 pm, and they
perform 1-D harmonic motion with a maximum velocity of 30
pm/s. The moving obstacles in the right side of the maze with a
diameter of 360 pm perform harmonic motion along two curves
in the same circle with opposite velocities, and the maximum
velocity is 10 pm/s. The diameter of the reversibly expanding
obstacle ranges from 140 to 800 ;zm. The motion of the valve-like
obstacles (i.e., the orange rectangles) changes width of the space
in between from O to 1485 pm. The velocity of the swarm in this
case is 85.8 um /s.

Fromt=0stot=31.6s, the swarm moves from P, to P;, and
the phased goal changes from n; to ns. The swarm avoids one of
the moving obstacles using the proposed algorithm at r = 31.6 s,
as shown in Fig. 13(c). At r = 67.1 s, the valve-like obstacle
closes, and the velocity controller stops the swarm to wait for
the reopening, as shown in Fig. 13(d). The velocity control for
the valve-like obstacle avoidance can be expressed as

; {o, A=0,d(t) <D

v,, others (29)

where A is the area surrounding the valve-like obstacle (i.e., the
grey dashed rectangle). If the swarm enters the area A, A = 0.
The width of the space in the valve-like obstacle is d(t), and if
d(t) is less than the threshold D when A = 0, the swarm will
stop moving (i.e., vs = 0), as shown in Fig. 13(d).

After the space between the valve-like obstacle expands larger
than the swarm size, the swarm crosses the valve, as shown in
Fig. 13(e). The strategy of avoiding the rectangular obstacle can
be expressed as

Dist(P.,b,) < rs(t) +dy (30)

where P, is the position of the predictive swarm in the hierarchi-
cal radar, b,., r5(t), and d  are boundaries of the rectangles, the
radius of the swarm, and the safety distance, respectively. Based
on (30), the alternative directions that are unsafe for rectangular
obstacle avoidance are eliminated, and the valve-like obstacle
can be avoided using the strategy.
To avoid the reversibly expanding obstacle, the selection
function in (9) is modified to
re — rob(t)> .

(3D
In addition, the walls of the micromaze are also regarded as
rectangular obstacles. The swarm can thus avoid the wall of
the micromaze and the reversibly expanding obstacle simulta-
neously, at = 162.4 s, as shown in Fig. 13(f).

At t = 332.6 s, the swarm avoids the valve-like obstacle
again using the strategy shown in (29) and (30), as presented
in Fig. 13(g). Finally, at t = 408.2 s, the swarm reaches the
target, as shown in Fig. 13(h). Due to the influence of dynamic
obstacles, the approximate moving path of the swarm (i.e.,

=qN

P —
H +qa N (HZOPeOob

Authorized licensed use limited to: The University of Osaka. Downloaded on November 07,2025 at 03:14:27 UTC from IEEE Xplore. Restrictions apply.



2783

LIU et al.: AUTOMATIC NAVIGATION OF MICROSWARMS FOR DYNAMIC OBSTACLE AVOIDANCE

Q) | B (d) A
' . P, (i s
n, 4 2 y Valve {4
1:. close
@‘ 4—@«» L . y
R .P
P v
} t
=r | tl=316s]l "B Wl t=67.1s
(2 t (h) v ~
. *P. > °P.
R N e
AN ,‘*( ° b7 P;*%*\ I 4
o t :-' V] ¥ 8 :-' :‘1 )
! : D ! o ﬁ, p i o> °p
P P ‘p P, 6 ‘p P, 6
) pi=13s3l R ISPY | IR 1i=333.6 | LR, Vi=4082 o

Fig. 13.

Experimental results of global path generation and targeted locomotion of a swarm while avoiding different types of dynamic obstacles in a micromaze.

(a) The global path generated by the fast marching tree algorithm. (b)—(h) The experimental results of navigation of a swarm while avoiding different types of
dynamic obstacles in a micromaze. The red and red dashed lines represent the global path in the micromaze. The green lines represent the tree branches. The blue
and red dots are the original point and waypoints of the path, respectively. The green dot denotes the target. The blue circles on both sides and in the middle represent
moving obstacles and the reversibly expanding obstacle, respectively. The orange rectangles are the valve-like obstacles. The grey dashed rectangle indicates the
area surrounding the valve-like obstacle. The brown, orange, and red circles are the detection (Cy), safety (Cs), and prediction circle (C),), respectively. The orange
arrow indicates the velocity of the swarm. The blue arrows indicate the moving direction or the deformation direction of the dynamic obstacles. The black dashed
arrows indicate the approximate moving path of the swarm. In this case, dj,, dy, and d,- are set to 25, 25, and 50 pixels, respectively. The scale bar is 500 pm.

Py, Py...P;, Pg)ismodified locally, which comes to be different
from the initial global path (i.e., the red dashed line). The
experimental results validate the effectiveness of our strategy
in avoiding different kinds of obstacles in a micromaze.

VI. CONCLUSION

In this article, we proposed a radar-based control algorithm for

dynamic obstacle avoidance using a microrobotic swarm. Based
on the position and size of the swarm captured through imaging
feedback, the hierarchical radar is generated. The detection
circle, the safety circle, and the prediction circle of the radar
cooperate to select the optimal moving direction of the swarm.
We also proposed a criterion to evaluate the real-time locomotion
efficiency during dynamic obstacle avoidance, i.e., the avoidance
efficiency. Combined with the visual feedback, the swarm can
be controlled to move to predefined targets with the interference
of multiple dynamic obstacles. With the global path planner,
the swarm can reach the target in a micromaze while avoiding
different types of dynamic obstacles successfully. This work car-
ries fundamental interest in the motion control of microrobots,
and provides a prototypical paradigm for the effective control
of microrobotic swarms for collision avoidance. It sheds light
on the adaptive navigation of active matters in complex and
dynamic environments. The proposed strategy has the potential
to be used in 3-D dynamic obstacle avoidance by converting the
2-D hierarchical radar into a 3-D hierarchical radar.
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