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Abstract— Reconfigurable microswarms have received exten-
sive attention recently. In this work, we propose a control
strategy for a ribbon-like swarm to perform navigated locomo-
tion with a stable pattern, and perform controllable splitting
into double subswarms to reach two targets simultaneously.
Two different behaviors of the ribbon-like swarm are firstly
investigated, i.e., locomotion with a stable pattern, and control-
lable splitting. The two behaviors of the ribbon-like swarm
are realized based on different aspect ratio of the swarm.
Subsequently, we propose a morphology controller to keep the
aspect ratio of the swarm within a desired range. The morphol-
ogy controller consists of a feedforward controller and a PD
controller. The feedforward controller containing a fitted model,
and a fuzzy logic controller for online compensation of the
model error. The control strategy combining the morphology
planning, morphology controller, path planning, and motion
controller is developed. Using the proposed control strategy,
the ribbon-like swarm can be navigated to follow a desired
path with a stable pattern while avoiding obstacles, and finally
perform controllable splitting into double subswarms to reach
two predefined targets simultaneously.

I. INTRODUCTION

Microrobots have received extensive attention recently due
to their potential applications in embolization, biosensing,
micromanipulation, and targeted cargo delivery [1], [2], [3],
[4], [5]. Various microrobots have been widely investigated,
such as soft microrobots [6], [7], [8], helical-shaped mi-
croswimmers [9], [10], [11], and bio-hybrid microrobots
[12], [13], [14]. Among them, microswarms serve as promis-
ing candidates, since they can perform multitype shape
reconfigurations to adapt to different environments [15], [16],
[17], and microswarms can carry a larger volume of cargo
compared to individual microrobots.

Adaptive control strategies and advanced navigation algo-
rithms are critical for the precise locomotion of microrobots
in complex environments. Based on model predictive con-
trol, a spore-based microrobot can reach the target in an
environment with obstacles by following an optimal path
generated using PSO algorithm [18]. A control strategy
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combining proxy-based sliding control and optimal Bidi-
rectional RRT#* is developed, and a helical microswimmer
can perform precise locomotion to avoid obstacles in 3-
D space using the strategy [19]. A spherical microrobot
is capable of avoiding a single mobile obstacle based on
artificial potential field method and fuzzy logic controller
[20]. These methods mainly focus on the motion control of
microrobots with rigid body, and strategies have also been
proposed for the control and navigation of reconfigurable
microswarms. A control strategy containing a LQI controller
and an extended state observer is designed for the motion
control of a vortex-like swarm [21]. A vortex-like swarm
can also avoid dynamic obstacles in a micromaze using
a radar-based control strategy [22]. Based on EB-RRT*
path planning method and GA-LQR motion controller, a
ribbon-like swarm can track a dynamic target while passing
obstacles [23]. These control strategies are developed for the
motion control of microswarms, and the morphology control
of the microswarms are not investigated. The morphology
control of an elliptical swarm has been studied [24], but the
influence of the morphology of the swarm on its locomotion
still needs further investigations. A ribbon-like swarm can
perform controllable splitting [25], but the control process
is conducted manually. Therefore, a control strategy needs
to be developed for the automatic splitting of the ribbon-
like swarm, in order to increase the compatibility of the
controllable splitting in complex environments.

In this work, we propose a control strategy to automati-
cally navigate the ribbon-like swarm to perform locomotion
with a stable pattern while avoiding obstacles, and perform
controllable splitting into double swarms to reach two targets
simultaneously. We firstly investigate the influence of the
morphology of the ribbon-like swarm on the two behaviors
of it, i.e., locomotion with a stable pattern, and controllable
splitting. If the aspect ratio of the ribbon-like swarm is kept
at a small value, the swarm can perform locomotion with a
stable pattern, even when the moving direction of the swarm
changes swiftly. If the aspect ratio of the ribbon-like swarm
is kept at a large value, the swarm is capable of performing
controllable splitting into multiple subswarms with a sudden
change of the moving direction. The relationship between
the number of the subswarms after splitting and the aspect
ratio of the ribbon-like swarm before splitting is obtained.
Because the two behaviors of the ribbon-like swarm are
determined by its aspect ratio, a morphology controller is
subsequently developed to control the aspect ratio of the
swarm. The morphology controller consists of a feedforward
controller and a PD controller. The feedforward controller
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Fig. 1. Generation and automatic navigation of a ribbon-like swarm. The
grey rectangles denote the ribbon-like swarms. The orange arrows indicate
the moving direction of the swarm. The green dots are the targets, and the
brown circles and rectangles represent the obstacles.

contains a fitted model, and a fuzzy logic controller for online
compensation of the model error. Using the morphology con-
troller, the aspect ratio of the ribbon-like swarm can be kept
within a desired range. The control strategy combining the
morphology planning, morphology controller, path planning,
and motion controller of the swarm is proposed. Based on the
proposed control strategy, the ribbon-like swarm can firstly
perform navigated locomotion with a stable pattern when its
aspect ratio is small, and subsequently perform controllable
splitting into double subswarms when it has a large aspect
ratio. Finally, the double subswarms can reach two targets
simultaneously.

II. GENERATION AND AUTOMATIC NAVIGATION OF A
RIBBON-LIKE SWARM

Based on the control strategy for automatic navigation
of a ribbon-like swarm, the swarm can perform navigated
locomotion with a stable pattern in an environment with
obstacles, and split into double subswarms to reach two
targets simultaneously, as shown in Fig. 1. The ribbon-
like swarm is firstly generated from nanoparticles using an
oscillating magnetic field. By adding a pitch angle ¢ and a
direction angle 6 of the magnetic field, the ribbon-like swarm
can perform locomotion in 2-D space, and the oscillating
magnetic field can be expressed as [23]:

Acos(0)cos(¢)sin(2mfr) — Ksin(0)
B = |Asin(0)cos(¢)sin(27ft) + Kcos(0) ()
—Asin(@)sin(27f1)

where A and f are the amplitude and the frequency of the
magnetic field, respectively. The field ratio y is denoted by
A/K, and the aspect ratio of the ribbon-like swarm ¢ can be
adjusted by tuning the field ratio 7y.

Camera

Fig. 2. The experimental system. The three insets (a), (b), and (c) show
the nanoparticle clusters, the ribbon-like swarm, and two ribbon-like swarms
after splitting, respectively. The scale bar is 500 pm.

III. SYSTEM SETUP

The experimental system used to generate and actuate
the ribbon-like swarm is shown in Fig. 2. The three-axis
Helmholtz coil is built to generate the oscillating magnetic
field. The control strategy is implemented on the computer,
and the camera and the microscope are used to obtain the
experimental image. To generate the ribbon-like swarm, 3
ul of nanoparticle suspension (3 mg/ml) is firstly added into
the tank filled with 0.1% BSA solution, as shown by the
nanoparticle clusters in the inset (a) of Fig. 2. A piece of
silicon wafer is placed at the bottom of the tank to enhance
the image contrast. Subsequently, using the oscillating mag-
netic field, the ribbon-like swarm is generated, as shown in
the inset (b) of Fig. 2. The amplitude and the frequency of
the magnetic field is set to 10 mT and 10 Hz, respectively.
With a sudden change of the direction angle of the magnetic
field, the ribbon-like swarm can split into two subswarms,
as shown in the inset (c) of Fig. 2.

IV. TWO DIFFERENT BEHAVIORS OF A RIBBON-LIKE
SWARM

Herein, we investigate two different behaviors of a ribbon-
like swarm, i.e., locomotion with a stable pattern, and
controllable splitting. The two behaviors of the swarm can
be realized based on different aspect ratio of the swarm.

A. Locomotion of a ribbon-like swarm with a stable pattern

The schematics of the locomotion of a ribbon-like swarm
with a stable pattern, and the splitting of the swarm is shown
in Fig. 3(a). If the aspect ratio of the ribbon-like swarm
is small, the swarm can perform locomotion with a stable
pattern, even when its moving direction changes swiftly. For
instance, when the aspect ratio of the swarm « is 3.2, as
shown in Fig. 3(a), the moving direction of the ribbon-like
swarm suddenly changes from O degree to 90 degree, but
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Fig. 3. The schematics of the locomotion of a ribbon-like swarm with a
stable pattern, and controllable splitting of the swarm. (a) The locomotion
of the ribbon-like swarm with a stable pattern, and splitting of the swarm.
(b) The controllable splitting of the ribbon-like swarm. The scale bar is 500
um.

the pattern of the ribbon-like swarm remains stable without
splitting. In contrast, when the aspect ratio of the swarm
is large, e.g., o = 6.4, the moving direction of the swarm
changes from 0 degree to 90 degree, and the swarm splits into
three parts, as shown in Fig. 3(a). In this case, the instability
of the swarm pattern occurs, when the moving direction
of the swarm changes swiftly. Therefore, it is necessary to
control the aspect ratio of the ribbon-like swarm to be small
for the locomotion of the swarm with a stable pattern.

B. Controllable splitting of a ribbon-like swarm

Although the splitting of the ribbon-like swarm indicates
the instability of the swarm pattern, the controllable splitting
of the ribbon-like swarm has potential to be applied in
the field of muti-target delivery using microswarms. For
instance, a ribbon-like swarm can split into two subswarms,
and the double swarms are capable of reaching two targets
simultaneously. In this work, the splitting of the ribbon-like
swarm is realized by generating a sudden change of the
moving direction of the swarm. When the moving direction
of the swarm changes from O degree to 90 degree swiftly, the
relationship between the number of subswarms after splitting
and the aspect ratio of the swarm before splitting is shown in
Fig. 3(b). When the aspect ratio of the swarm ranges from 2
to 4, the swarm can perform locomotion with a stable pattern.
The number of the swarms after splitting is 2 and 3, when the
aspect ratio of the swarm before splitting ranges from 4 to
6 and from 6 to 8, respectively. From Fig. 3(b), the number
of subswarms after splitting is based on the aspect ratio
of the swarm before splitting. Therefore, in order to obtain
controllable number of swarms for muti-target reaching, it is
necessary to control the aspect ratio of the ribbon-like swarm
within a desired range before the swarm performs splitting.

V. CONTROL METHODOLOGY

From Section IV, the control of the aspect ratio of the
ribbon-like swarm is necessary for its locomotion with
a stable pattern, and controllable splitting. Therefore, we
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Fig. 4. The schematics of the fitted model to obtain the field ratio to control
the swarm, and the membership function of the variables in the fuzzy logic
controller. (a) The fitted curve indicating the relationship between the aspect
ratio and the field ratio. (b) The membership functions of the variables in
the fuzzy logic controller. MI: minimum; S: small; M: middle; L: large;
MA: maximum.

propose a morphology controller to keep the aspect ratio of
the ribbon-like swarm within a desired range, and a control
strategy containing the morphology controller is proposed
for the navigated locomotion and controllable splitting of
the ribbon-like swarm.

A. Morphology control of a ribbon-like swarm

The morphology controller for the ribbon-like swarm
contains a feedforward controller and a PD controller. The
feedforward controller consists of a fitted model to obtain the
preliminary field ratio 7, corresponding to the desired aspect
ratio ¢y, and a fuzzy logic controller (FLC) to compensate
the model error. The fitted model is obtained based on
collected experimental data. The fitted curves indicating the
relationship between the aspect ratio and the field ratio is
shown in Fig. 4(a), and the relationship is different during
the elongation and contraction process of the swarm. Based
on the relationship, the fitted model can be obtained, which
can be expressed as:

0.0013759a,* — 0.014994 01, — 0.20453 01,
+3.20660,; —3.2483, o < oy
—0.0048390,,* +0.139920,° — 1.42560,
+6.2651a; —4.2815, a >

= 2

From (2), the field ratio ¥, corresponding to the desired
aspect ratio o; can be determined. However, the fitted model
will change due to different doses of nanoparticles used
for generating the swarm, and ambient fluids. Therefore,
we adopt a fuzzy logic controller (FLC) for the online
compensation of the model error.

The input and the output of the FLC is the error between
the desired aspect ratio and the actual aspect ratio of the
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Fig. 5. The control diagram. The aspect ratio and position of the ribbon-like
swarm is @ and P, respectively. The desired aspect ratio for the controllable
splitting of the swarm is ¢y, and the desired aspect ratio for the navigated
locomotion of the swarm with a stable pattern is @;;. The ith waypoint of the
planned path and the desired moving direction for the navigated locomotion
of the swarm is n; and 6, respectively.

swarm e, and the control variable Ay, to compensate the
model error, respectively. Based on experimental data and
human experiences, the membership functions of the input
and output variables are obtained. In this work, the member-
ship functions of the input and output variables are set the
same, which are shown in Fig. 4(b). By adding the control
variable Ay,, and the field ratio ¥, obtained from the fitted
model, the output of the feedforward controller ¥,. can be
expressed as:

% +AY,(k), e> e 3
Tre = Yo +AY(k—1), e<e
where ¢, is the threshold used to activate the online compen-
sation for the model error. When e > ¢;, ¥, is determined by
both the fitted model and the FLC. If e < ¢;, ¥, is sufficiently
accurate to keep the error within a controllable range, and ¥y,
will keep the same as the value at the previous moment. In
this case, the PD controller will dominate the control process
to further decrease the error, and increase the robust of the
morphology controller. The PD controller can be expressed
as:
Ay(k) = Kpe(k) +Kp [e(k) —e(k—1)] 4)

Finally, the output of the morphology controller that com-
bines the feedforward controller and the PD controller yy can
be expressed as:

Y = Ype +AY(k) )

Using the proposed morphology controller, the aspect ratio
of the ribbon-like swarm can be kept within a desired range.
In this case, by controlling the aspect ratio of the swarm at
a small value, the locomotion of the swarm with a stable
pattern can be maintained. The splitting of the swarms can
also be controlled more precisely, since the aspect ratio of
the swarm is kept within a specific range based on the
morphology controller.

B. Control diagram

The control diagram for the automatic navigation of the
ribbon-like swarm is shown in Fig. 5. The morphology
planning of the ribbon-like swarm contains two sections,
i.e., the splitting planning and the overall planning. The
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Fig. 6. The experimental results of controlling the aspect ratio of a ribbon-
like swarm « using the morphology controller. The red line represents the
average aspect ratio of the ribbon-like swarm during the control process. (a)
The experimental results when the desired aspect ratio of the ribbon-like
swarm ¢ is 5. (b) The experimental results when the desired aspect ratio
of the ribbon-like swarm oy is 6. (c) The experimental results when the
desired aspect ratio of the ribbon-like swarm oy is 7.

splitting planning is designed for the controllable splitting
of the swarm. In the spitting planning, based on the number
of the targets, the number of the swarms after splitting is
determined, and the corresponding desired aspect ratio of
the swarm before splitting o;; is obtained, using the theory
mentioned in Section IV-B. The overall planning is designed
for the navigated locomotion of the ribbon-like swarm, and
the desired aspect ratio to maintain the stable pattern of the
swarm is 0. In addition, to control the swarm to perform
locomotion while passing obstacles in the environment, the
path planning is adopted. The ith waypoint of the planned
path is n;, and the waypoint acts as a phased target for the
navigation of the swarm. The position of n;, i.e., [Pxi7Pyi]T,
is input to the motion controller, and the desired moving
direction of the ribbon-like swarm 6, can be expressed as:

P, —P,
¢ yi— Ty
6, = arc an<PXi_1Dx> (6)

where P = [P,,P,)" is the position of the swarm.

The desired aspect ratio o; of the ribbon-like swarm is
oy for controllable splitting of it, and o for its locomotion
with a stable pattern, respectively. The desired aspect ratio
0y is then input to the feedforward controller to obtain the
predefined control input ¥,., and the aspect ratio of the
swarm « is input to the PD controller and the FLC as the
feedback. Finally, the output of the morphology controller
¥r is obtained, and the aspect ratio of the swarm can be
controlled within a desired range to realize the locomotion
with a stable pattern, and controllable splitting.

1340



t=0s  Target2 | I

. Target 3

-Target 1
[ |

a=231 .

' | ‘
Y. Starting point Locomotion with
0 X = (@) a stable pattern

t=2354s

‘ Elongation

Controllable splitting [ ()

a=3.86
|

() Controllable splitting

t=117.0s t=2343s

Target 1

a=234

Locomotion with
a stable pattern

(2) Controllable splitting { (h) Reaching targets

Fig. 7. The experimental results of navigated locomotion and controllable splitting of a ribbon-like swarm. The brown circles and rectangles represent the
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swarm. The orange arrows in (a) - (d) and (g) — (h) represent the moving direction of the swarm, and the orange arrows in (e) and (f) denote the elongation
direction of the swarm. The three states of the ribbon-like swarm are represented by I - III. The scale bar is 500 pum.

VI. EXPERIMENTAL RESULTS

A. Experimental results of morphology control of a ribbon-
like swarm

The experimental results of controlling the aspect ratio
of a ribbon-like swarm o using the morphology controller
are shown in Fig. 6. The control results when the desired
aspect ratio of the ribbon-like swarm oy is 5, 6, and 7 are
shown in Fig. 6(a), Fig. 6(b), and Fig. 6(c), respectively. The
average control error is 0.257, 0.355, and 0.386, when the
desired aspect ratio oy is 5, 6, and 7, respectively. The control
results validate the effectiveness of the proposed morphology
controller.

B. Navigated locomotion and controllable splitting of a
ribbon-like swarm

The experimental results of navigated locomotion and
controllable splitting of a ribbon-like swarm are shown in
Fig. 7. There are three states of the ribbon-like swarm during
the whole process. In State I, the swarm is performing
locomotion with a stable pattern, when the aspect ratio ¢ is
small, as shown in Fig. 7(a) — Fig. 7(d). In State II, the swarm
is performing elongation to prepare for the controllable
splitting, as shown in Fig. 7(e) and Fig. 7(f). In State III, the
double subswarms after splitting are performing locomotion
with stable patterns to reach the two targets simultaneously,
as shown in Fig. 7(g) and Fig. 7(h).

The ribbon-like swarm locates at the starting point at t =
0 s, as shown in Fig. 7(a). Subsequently, it moves along the
planned path to approach the intermediate target, i.e., target
1. The planned path is generated using Fast marching tree
algorithm (FMT#*) [26]. The swarm can avoid the obstacle

by following the planned path with a stable pattern, as
shown in Fig. 7(b) and Fig. 7(c). Using the morphology
controller mentioned in Section V-A, the aspect ratio of
the swarm o is kept smaller than 3 in order to ensure the
locomotion of the swarm with a stable pattern, as shown
in Fig. 7(a) — Fig. 7(d). The swarm reaches the target 1
at t = 234.3 s, as shown in Fig. 7(d). When the swarm
locates at the target 1, it will perform elongation to obtain
a larger aspect ratio a for the controllable splitting, as
shown in Fig. 7(e). At t = 236.6 s, the swarm finishes the
elongation and starts performing controllable splitting by
suddenly changing its moving direction from 0 degree to 90
degree. Before splitting, the aspect ratio of the swarm o is
controlled at 5.39 using the morphology controller, as shown
in Fig. 7(f). In this case, the number of the swarms after
splitting will be 2 based on the theory mentioned in Section
IV-B. After splitting, two subswarms are obtained, and the
double subswarms move upward to approach two predefined
targets, as shown in Fig. 7(g). At t = 267 s, the double
subswarms reach the two predefined targets, indicating the
navigation of the ribbon-like swarm is finished, as shown in
Fig. 7(h). The experimental results of navigated locomotion
and controllable splitting of a ribbon-like swarm validate the
effectiveness of our proposed control strategy. The whole
process is also demonstrated in the supplementary video.

VII. CONCLUSION

In this work, we present a control strategy to navigate
a ribbon-like swarm to perform locomotion with a stable
pattern while avoiding obstacles, and perform controllable
splitting into double subswarms to reach two targets simul-
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taneously. The two different behaviors of the ribbon-like
swarm, i.e., locomotion with a stable pattern and controllable
splitting, are firstly investigated. The two behaviors of the
swarm 1is realized based on different aspect ratio of the
swarm. Subsequently, a morphology controller is developed
to keep the aspect ratio of the ribbon-like swarm within
a desired range. The morphology controller consists of a
feedforward controller and a PD controller. The feedfor-
ward controller contains a fitted model, and a fuzzy logic
controller for online compensation of the model error. We
subsequently propose a control strategy that combines the
morphology planning, morphology controller, path planning,
and motion controller of the ribbon-like swarm. Using the
proposed control strategy, the ribbon-like swarm can follow
the desired path with a stable pattern while passing obstacles,
and perform controllable splitting into double subswarms
to reach the two predefined targets simultaneously. This
work focuses on the automatic navigation of microswarms
based on morphology and motion control, and sheds light
on multi-target delivery using microswarms in complicated
environments.
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