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Automatic Navigation of a Microrobotic Swarm
for Tracking Multiple Mobile Targets

Qian Zou , Graduate Student Member, IEEE, Xingjian Liu , Member, IEEE, and Jiangfan Yu , Member, IEEE

Abstract—Microrobotic swarms actuated by magnetic fields
have attracted considerable attention in the field of automatic con-
trol. Developing effective control schemes for microrobotic swarms
to track multiple mobile targets is still a major challenge. In this
work, we propose an optimized rapidly-exploring random tree
star (ORRT*) algorithm to generate desired paths connecting the
swarm and the targets. A path selection strategy is developed to
select the shortest path, and subsequently the immediate target
to track is determined. The sliding mode (SM) motion controller is
then presented to achieve the tracking of multiple mobile targets us-
ing microrobotic swarms. Comparisons are performed to validate
the effectiveness of the control scheme, including the path planner
and the motion controller. Finally, simulations and experiments
of tracking multiple mobile targets in a virtual micromaze are
conducted.

Index Terms—Swarm control, path planning, tracking multiple
mobile targets.

I. INTRODUCTION

UNTETHERED milli/microrobots have attracted extensive
attention due to their potential applications in various

biomedical operations, e.g., untethered manipulation in poorly
accessible space, in-body drug delivery, controllable drug ad-
ministration and local therapy in the GI tract [1], [2], [3], [4],
[5], [6], [7], [8], [9]. In particular, milli/microrobots exhibit great
capabilities to perform tasks in hard-to-reach and narrow regions
in a living body due to their outperforming mobility and flexible
maneuverability [10], [11]. To date, different microrobots have
been investigated, such as, a jellyfish-inspired millirobot [12],
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an amphibious origami millirobot [13], and a functional soft
microrobot with p-Si doping [14]. Microrobotic swarms can
serve as promising candidates for large-volume targeted cargo
delivery and imaging resolution enhancement [15], [16]. Unlike
centimeter-scale robots, microrobotic swarms can hardly be
equipped with on-board sensors and actuators for individual
motion control. External power sources are critical to actu-
ate the motion of microrobotic swarms, such as optical [17],
acoustic [18], electric [19], [20] and magnetic fields [21], [22].
Chemical fuels can also serve for the same purpose in some
cases [23], [24]. Compared to other power sources, magnetic
fields are widely used to actuate microrobotic swarms due to
their advantages, e.g., ability to penetrate deep tissues [25], bio-
compatibility to living organisms [26], and easy implementation
of actuation systems [27]. In order to realize the desired swarm
behaviors, regulating input magnetic fields to control the swarm-
ing agents is important. In some cases, microrobotic swarms are
required to move from the initial position to the targeted static
position, such as, delivering targeted drugs to tumor site. During
the movement, they are demanded to follow the planned path to
avoid collision with obstacles and solid walls. Swarms can be
used to track single or multiple mobile targets, e.g., to track and
capture bacteria for antimicrobial applications. Moreover, the
optimal control of swarms to track multiple mobile targets is
also fundamentally challenging but attractive.

Generating desired paths and selecting the optimal path are
prerequisites for the tracking of multiple mobile targets. To
date, path planning algorithms for tracking static targets using
microrobots have been extensively studied, such as, a rapidly-
exploring random tree (RRT) path planner for a two-microrobot
system [28], an RRT-GoalZoom path generator for soft unteth-
ered grippers [29] and a grasping motion planner for an unteth-
ered magnetic microgripper [30]. Since the positions of multiple
mobile targets keep changing, efficient path planning algorithms
with path selection strategy need to be further developed.

Motion control of swarms by regulating the magnetic field
parameters shall be achieved for the precise control of swarm
moving direction and velocity. Although various motion con-
trol methods of milli/microrobots have been broadly reported,
e.g., an independent control strategy of multiple millirobots is
proposed for position control and path following [31], an image-
based visual servoing control method of helical microswimmers
is presented for planar path following [32], a learning-based
servo control strategy of helical microrobots is proposed for
locomotion control [33], a visual feedback path-following con-
troller of needle-like microrobots is developed for multimodal
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locomotion control [34], and a LQR controller of a helical mi-
croswimmer is proposed for direction control [35], the automatic
control of microrobotic swarms is still challenging. The complex
interactions among the swarm agents are significantly affected
by the external magnetic fields and ambient environments.
Therefore, to guarantee the swarm stability, which indicates that
the swarm can maintain its ribbon-like pattern when following
the planned path, is challenging. Meanwhile, the precise analyt-
ical model of the swarm is hard to obtain [36]. Effective control
schemes for the moving direction and velocity of the swarm are
still under investigation.

Motivated by the aforementioned issues in path planning
and swarm motion control, an effective and efficient control
scheme is proposed to achieve collision-free automatic navi-
gation of a microswarm to track multiple mobile targets with
a path selection strategy. The desired paths are generated by
an optimal rapidly-exploring random tree star (ORRT*) path
planner. The path selection strategy then chooses the shortest
path and subsequently the immediate target is determined at
each moment. The moving direction and velocity of the swarm
is controlled by a sliding mode (SM) motion controller to
achieve high tracking precision. In order to validate the effec-
tiveness of the control scheme, the ORRT* path planner and
the SM motion controller are compared separately with the
RRT* path planner and the PID motion controller. Simulations
and experiments of tracking multiple mobile targets are also
performed.

II. CONTROL SCHEME

A. Path Planning Algorithm

In order to generate the desired path, an optimized rapidly-
exploring random tree star (ORRT*) algorithm is proposed and
its schematics is demonstrated in Fig. 1. Taking the starting point
(i.e., node ξs) as the root node, a random node ξrand is sampled
from the obstacle-free space. According to Algorithm 1, the
NearestNode function will then check the nearest node of the
randomly sampled node ξrand, i.e., node ξnear, and it is added
to the tree as the current new node ξnew by the Steer function.
The ORRT* algorithm then uses the CollisionCheck function in
Algorithm 1 to check whether there is any collision between the
branch ξs ξnew and the walls of the micromaze. In order to avoid
collision between the swarm and the walls taking the physical
size of the swarm into consideration, the collision buffer layers
(i.e., the blue regions in Fig. 1) are added surrounding the walls.
The thickness of the collision buffer layerσh is determined by the
length of the detected swarm at each moment and it is expressed
as:

σh = ch
lts
2

(1)

where lts is the length of the detected swarm at moment t
and ch is a constant ranging from 1.5 to 2, which is used to
compensate the detection error. If there is no collision between
the swarm and the walls of the micromaze, the next step is to
generate a neighboring area by the NearArea function, whose
center is the current node ξnew. The ChooseParent and Rewire

Fig. 1. The schematics of the ORRT* path planning algorithm. (a) Initial path
generation. ξs and ξg are the starting and goal points. (b) Path optimization by the
TriangleInequality function in Algorithm 1. ξ1, ξ2 and ξ3 form a triangle. (c)
Path optimization by the BiasedSampling and TriangleInequality functions
in Algorithm 1. ξ′1 and ξ′3 are the nodes generated by the BiasedSampling
function. (d) Path smoothing by the Smoothing function in Algorithm 1. The
blue circles are the effective tree nodes and the blue lines denote the effective
branches of the tree. The gray circles and gray lines are not used to build the
path connecting the starting and goal points.

Algorithm 1: ORRT* Algorithm.

functions in Algorithm 1 then search the best node ξbest in
the neighboring area, indicating that the path length from the
starting node ξs to the best node ξbest is the shortest. Once the
tree nodes reach the goal point (i.e., node ξg), the initial path
is obtained, which is shown in Fig. 1(a). It is then optimized
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by the TriangleInequality function in Algorithm 1, and the
mathematical formula is represented by [37]:

a+ b ≥ c (2)

where a, b are the lengths of two sides of a triangle and c is the
length of the remaining side. As shown in the red dotted area of
Fig. 1(b), in the triangle Δξ1ξ2ξ3, the length of side ξ1ξ3 is less
than to the sum of the lengths of the other two sides, i.e., side
ξ1ξ2 and ξ2ξ3, which is expressed as:

|
−→
ξ1ξ3 |<|

−→
ξ1ξ2 | + |

−→
ξ2ξ3 | (3)

The path planner then chooses side ξ1ξ3 as the new branch.
Therefore, the number of tree nodes of the optimized path
significantly decreases as compared with that of the initial path.
To further optimize the path, the BiasedSampling function in
Algorithm 1 generates several nodes as close as possible to the
walls, as shown in Fig. 1(c). In this case, the collision buffer layer
is taken into account. With these nodes, the path can be optimized
if the maximum iteration is reached. In order to maintain the
dynamic stability of the swarm, the path is smoothened by the
Smoothing function in Algorithm 1 to avoid the sudden changes
of the moving direction of the swarm. The smoothened path is
demonstrated in Fig. 1(d).

B. Path Selection Strategy

Herein, to realize the tracking of multiple mobile targets, we
propose a path selection strategy to choose the shortest path,
and the immediate target to track is then picked. Its schematics
is shown in Fig. 2. Since multiple targets exist, multiple paths
ρtgi are generated by the ORRT* algorithm to connect the swarm
and targets. Their mathematical representation can be expressed
as:

ρtgi = {(xt
s, y

t
s)|t, (xt

i1
, yti1)|t, . . ., (xt

in
, ytin)|t, . . .,

(xt
i
N
, yti

N
)|t, (xt

gi
, ytgi)|t} (4)

where t ∈ [t1, tT ], n ∈ [1, N ], i ∈ [1, I], (xt
in
, ytin) is the n-

th point of the planned path at moment t, M t(xt
s, y

t
s) and

Gt
i(x

t
gi
, ytgi) are the positions of the swarm and the i-th target at

moment t, respectively, and their lengths τ tgi are then expressed
as:
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√
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+
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2 (5)

When the path lengths are obtained, the path selection strategy
selects the shortest path to determine the immediate target, and
the mathematical representation of the selecting process can be
expressed as:

ρts ← min{τ tg1 , τ tg2 , . . ., τ tgi , . . ., τ tgI} (6)

Fig. 2. The schematics of the path selection strategy. Three cases are presented,
i.e., tracking Target 1, Target 2 and Target 3. The green, orange and purple circles
denote the mobile targets and the black rectangle represents the swarm. The
target with the shortest path is selected as the immediate target and the others
are pending targets.

where ρts is the path with the shortest length. As demonstrated
in Fig. 2, there are three cases. For example, if the length of the
path connecting the swarm and Target 1 (i.e., the green curve)
is the shortest one, Target 1 will be selected as the immediate
target, and the swarm will follow the path to track Target 1 at
the current moment. The other two targets, i.e., Target 2 and
Target 3, are considered as the pending targets, indicating that
their motion and paths are neglected by the controller until their
paths become the shortest one.

C. Motion Control Algorithm

To precisely control the motion of the swarm (i.e., the moving
direction and velocity of the swarm), a sliding mode (SM) mo-
tion controller is proposed. Instead of parametric equations, the
planned path generated by the ORRT* algorithm is defined by a
sequence of key points. Each two adjacent points are regarded as
a basic segment, e.g., line segmentPmPm+1. The target tracking
is an iterative procedure, and each iteration exits when the center
of the swarm is sufficiently close to the ending point of current
basic segment, which is expressed as:

dtS,Pm+1
< λ (7)

where dtS,Pm+1
is the distance between the swarm center and the

ending point of current basic segment Pm+1 at moment t, and
λ is a real constant. In this work, λ = 5 μm.

1) Sliding Mode Module: In order to achieve the precise
control of swarm moving direction and velocity, the sliding
mode module is proposed. When the swarm is controlled to move
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along the line segment PmPm+1, the distance error between the
swarm position M and desired position Md can be defined as
e = M −Md. The deviation of the distance error is then given
as:

ė = Ṁ − Ṁd = cmu (8)

where u is the control signal of the sliding mode module and cm
is a constant calibrated by the experiments. The integral sliding
surface function s can be selected as:

s = e+ ci

∫ t

0

e dt (9)

where ci is a constant of the integral component. Accordingly,
the derivation of the sliding surface ṡ can be expressed as:

ṡ = ė+ cie (10)

To ensure that the system states approach the sliding surface
monotonically in finite steps, the reaching law is selected as:

ṡ = −ε · sgn(s)− ks (11)

where ε and k are real constants and sgn(x) is the sign function,
which can be expressed as:

sgn(x) =

⎧⎨
⎩
−1, x < 0
0, x = 0
1, x > 0

(12)

The control law of the sliding mode module is then defined as:

u =
−ε · sgn(e+ ci

∫ t

0 e dt)− k · ci
∫ t

0 e dt− (k + ci)e

cm
(13)

The stability of the system can be analyzed by defining a Lya-
punov function, which is expressed as:

V =
1

2
s2 (14)

Its deviation can be expressed as:

V̇ = sṡ

= s · [−ε · sgn(s)− ks]

= − ε · sgn(s) · s− ks2

=

⎧⎨
⎩
εs− ks2, s < 0
0, s = 0
−εs− ks2, s > 0

(15)

The parameter ε > 0 and k > 0, so V̇ ≤ 0, and thus, the reach-
ability condition of the sliding surface is proved. Therefore, the
control signal u can be used for controlling the moving direction
and velocity of the swarm.

2) Direction Control: The goal of swarm direction control is
to minimize the distance error through the entire target tracking
process and its schematics in an iteration is demonstrated in
Fig. 3. To precisely tune the moving direction of the swarm, the
direction angle αd (i.e., the angle between the moving direction
of the swarm and X axis) and the compensation angle αc (i.e.,
the angle between the moving direction of the swarm and line
segmentPmPm+1) are introduced. As shown in Case I of Fig. 3,

Fig. 3. The schematics of swarm moving direction control. The rounded
rectangles denote the swarm. The red arrow represents the moving direction
of the swarm. The angle between line segment PmPm+1 and X axis is denoted
by αl.

the distance error between the swarm center and the line segment
PmPm+1, i.e., e, approaches the positive infinity. In this case,
the compensation angle αc is equal to π/2 to achieve a quick
converge of distance error, indicating that the moving direction
of the swarm is perpendicular to the line segment PmPm+1. The
direction angle of Case I can be expressed as:

αd = αl + αc = αl +
π

2
(16)

where αl is the angle between the line segment PmPm+1 and X
axis. In Case II, if the swarm is deviated from the line segment
PmPm+1, the compensation angle is expressed as:

αc = cdu (17)

where cd is a tuning constant of the direction control. A suitable
compensation angle, which is determined by the distance error
e, can maintain the balance between the converge speed and
smooth movement of the swarm. Accordingly, the direction
angle αd can be expressed as:

αd = αl + αc = αl + cdu (18)

For Case III, the swarm locates on the line segment PmPm+1.
The compensation angle αc is equal to zero to remain the low
distance error and the direction angle is expressed as:

αd = αl + αc = αl (19)

Therefore, the moving direction of the swarm can be obtained.
3) Velocity Control: Despite of swarm direction control, the

velocity control of the swarm is developed to further reduce the
distance error during the locomotion of the swarm. The pitch
angle of the magnetic field, which determines the velocity of the
swarm, can be expressed as:

γv = s(cvu, γm) (20)

where cv is a tuning constant of the velocity control, γm is
the largest pitch angle that the swarm can still maintain its
stability, and s(m,n) is a selecting function [38], which returns
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Fig. 4. The system diagram consisting of the ORRT* path planning unit, the path selection unit and the SM motion control unit. The positions of the swarm, the
targets and the walls are represented by Mt, Gt

i and W t
k , respectively. The planned paths and their lengths are denoted as ρtgi and τ tgi . The shortest path is ρts and

the distance error is e. The control signal of the sliding mode module is u. The desired direction angle and pitch angle are represented by αd and γv .

the smaller value between m and n:

s(m,n) =

{
m, m ≤ n
n, m > n

(21)

The overall control scheme, which integrates the ORRT* path
planner, the path selection strategy and the SM motion controller,
is shown in Fig. 4. With a known environment, the positions
of the targets Gt

i(i=1,2,...,I) and the walls of the micromaze
W t

k(k=1,2,...,K) can be obtained. The positions are input to the
ORRT* path planner to generate desired paths ρtgi(i=1,2,...,I)

connecting the swarm and the targets. Based on the lengths of the
planned paths τ tgi(i=1,2,...,I)

, the path selection strategy chooses
the shortest one and the immediate target is then obtained. The
shortest planned path ρts serves as the input of the SM motion
controller. Meanwhile, the position of the detected swarm M t

is regarded as the feedback signal of the path planner and the
motion controller. The desired direction angleαd and pitch angle
γv are then obtained, which leads to the desired moving direction
and velocity of the swarm.

III. SIMULATION

To validate the effectiveness of the control scheme, the simu-
lation of multiple mobile targets tracking in a virtual micromaze
is performed. The targets are designed as mobile circles, whose
diameter and translational velocity are maintained as 208μm and
16 μm/s, respectively. They are able to bounce when contacting
with the walls of the micromaze. The simulated results are
shown in Fig. 5. At the moment t0, the ORRT* path planner
can generate desired paths connecting the simulated swarm and
three targets avoiding the collision with all maze walls. The
path selection strategy picks the shortest path (i.e., the green
curve) and Target 3 (i.e., the green circle) is then selected as
the immediate target. The other two targets, with their paths
marked as the gray curves, are neglected at the current stage.

Fig. 5. The simulation results of tracking multiple mobile targets. The moving
direction of the swarm and the target are represented by blue and black arrow,
respectively. The colored curve is the shortest path, i.e., the path connecting the
swarm and the immediate target, and the gray curves are the other planned paths.
The red curve shows the trajectory of the swarm and the dotted green arrows
show the moving direction of the simulated swarm.

The swarm is continuously navigated to follow the green path,
and Target 3 is successfully tracked at moment t1. The tracked
target is deactivated and stopped afterwards, and is labelled with
gray color. It is noted that, the moving directions of Target 1 and
Target 2 have encountered sudden shifts due to the bouncing with
the walls of the micromaze, but the ORRT* algorithm can still
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Fig. 6. The path lengths generated by different path planning algorithms in a
micromaze. The brown curve shows the path generated by the ORRT* and its
length is represented by lo. The cyan curve represents the path generated by the
basic RRT* and lr denotes its length. The ratio between lr and lo is labelled by
η. The red dotted circles indicate the regions of the collision between the swarm
and walls of the micromaze.

generate effective paths connecting the swarm and the targets.
The swarm then follows the purple path, and Target 1 is tracked
at moment t2. Finally, the swarm follows the path connecting
the swarm and Target 2 (i.e., the orange path), and Target 2 is
tracked at moment t3. Herein, all three targets are tracked. The
simulation reveals that the proposed control scheme is effective
for tracking multiple mobile targets in a highly constrained
environment.

IV. EXPERIMENTAL RESULTS

A. System Setup

A three-axial Helmholtz electromagnetic coil system, which
consists of an optical microscope (Model PS888, SEIWA Optical
CO., LTD.), an sCMOS camera (Model GS3-U3-41C6C-C,
Teledyne FLIR LLC.) and a PC, is developed for experimental
validation. The control signals are generated by the PC, and then
the current is amplified into the coils to generate on-demand
magnetic fields. The strength and frequency of the magnetic
fields are maintained as 10 mT and 10 Hz, and the framerate of
the camera is 10 frame per second (fps).

B. Validation of Path Planning Algorithm

By comparing the performance of the ORRT* path planning
algorithm with basic RRT* path planner, the results are shown
in Fig. 6. The experimental conditions, i.e., the positions of
the swarm and the target, and the locations of the walls, are
maintained the same. Even though the moving direction of the

Fig. 7. The experimental results of path following of a microswarm in a free
space with different motion controllers, i.e., the SM and PID motion controller.
(a) The tracking results of path following. (b) The distance errors of the swarm.
The average distance errors using SM and PID motion controller are 21.7 μm
and 43.7 μm.

mobile target may change due to the bounces, the ORRT* path
planner with a sufficient updating frequency (i.e., 1.8–2.6 Hz)
can still generate desired paths avoiding collision with walls of
the micromaze, as shown by the brown curves in Fig. 6. Since
the physical size of the swarm is not taken into consideration in
the basic RRT* algorithm, there are no collision buffer layers
surrounding the walls. It may cause collision between the swarm
and the walls, which are labelled using the red dotted circles
in Fig. 6. Meanwhile, the length of the path generated by the
ORRT* algorithm (i.e., lo) is significantly shorter than that
generated by the RRT* algorithm (i.e., lr). The ratio between lr
and lo, i.e., η = lr/lo, ranges from 1.24 to 2.42, which is shown
in Fig. 6. The results indicate that the ORRT* algorithm can
provide a better path for the swarm to track avoiding collision
with the walls.

C. Validation of Motion Control Algorithm

In order to validate the effectiveness and accuracy of the
proposed SM motion control algorithm for path following in
a free environment, the PID motion controller is applied for
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Fig. 8. The experimental results of tracking multiple mobile targets. (a) The trajectory tracking results of the swarm. (b) The velocity of the swarm. (c) The
distance error of the swarm. The moving directions of the swarm and the targets are represented by blue and black arrows. The green dotted arrows show the
moving direction of the swarm. The scale bar is 500 μm.

comparisons. The experimental results of controlling swarms to
follow preset trajectories with the circular pattern are shown in
Fig. 7(a). By observing the trajectory of the swarm, using the
PID controller causes a relatively high distance error. However,
the trajectory of the swarm using the SM controller well matches
the reference path, indicating a small distance error. The curves
of distance error e are presented in Fig. 7(b). When the SM
controller is performed, the average distance error is 21.7 μm
and the highest distance error is 66.9 μm. If the PID controller
is applied, as shown in the green curve of Fig. 7(b), the average
and highest distance error significantly increase to 43.7 μm and
234.7 μm, respectively. The results indicate that high accuracy
of path following can be guaranteed using the SM motion
controller.

D. The Tracking of Multiple Mobile Targets

In order to verify the effectiveness of the proposed control
scheme, which combines the ORRT* path planning algorithm,
the path selection strategy and the SM motion control algorithm,
experiments of tracking multiple mobile targets in a virtual
micromaze using a swarm are subsequently conducted. The
circular bouncing targets, whose diameter and translational ve-
locity are maintained as 208 μm and 16 μm/s, are applied. The
experimental results are shown in Fig. 8. Since the path between
the swarm and Target 1 (i.e., the purple path) is the shortest
one among all three paths, Target 1 is selected as the immediate
target for the swarm to track at t = 0 s. After several bouncing
processes, the path between the swarm and Target 2 becomes the
shortest one at t = 53 s, and the Target 2 is thus selected as the

immediate target. The swarm is then controlled to track Target 2
by following the dynamically planned paths avoiding collision
with walls of the micromaze. At t = 63 s, Target 2 is tracked
by the swarm. At this moment, the swarm begins to track Target
1 because the path between them is the shortest. Due to the
bouncing of the targets, the path between the swarm and Target
3 becomes the shortest one and the immediate target is replaced
by Target 3 at t = 146 s. The swarm is subsequently controlled
to track Target 3, which is achieved at t = 185 s. Finally, Target
1 is successfully tracked at t = 230 s. The experimental results
have a good agreement with the simulation results shown in
Fig. 5. From the results, the trajectory of the swarm (i.e., the
red curve) well matches the planned path (i.e., the blue curve).
The velocity and distance error of the swarm are shown in
Fig. 8(b) and (c). The well controlled velocity ranging from 0 to
43.2μm/s leads to a small average distance error (i.e., 27.5μm),
which is approximately 0.14 body length of the swarm. The
oscillation amplitude of distance error in Fig. 8(c) maintains in a
relatively small range (i.e., 0–75.7 μm). The results indicate that
the SM controller can precisely control the moving direction and
velocity of the swarm to guarantee the high tracking accuracy.
As a result, the ORRT* path planner, the path selection strategy
and the SM motion controller coordinate to achieve the accurate
tracking of multiple mobile targets.

V. CONCLUSION

This work proposes an effective control scheme of the mi-
croswarm, which combines the ORRT* path planner, the path
selection strategy and the SM motion controller, to track multiple
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mobile targets. The ORRT* path planning algorithm is devel-
oped to generate desired paths connecting the swarm and the
targets in the constrained environments, i.e., the micromaze. The
path selection strategy is then used to select the shortest path
and determine the immediate target. The SM motion controller
combines the sliding mode module, the direction controller and
the velocity controller to guarantee the high tracking precision
during the tracking process. By comparing with other methods,
i.e., the RRT* path planner and the PID motion controller, the
effectiveness of the ORRT* path planner and the SM motion
controller are testified. Finally, simulations and experiments of
tracking multiple mobile targets in a micromaze are conducted
to further validate the robustness of the overall control scheme.

Since the proposed control scheme has a high compatibility,
supplementary modules can be added to meet requirement of
complicated conditions, e.g., a swarm moves on a curved surface
or in an environment with fluid flows. The moving direction
and the velocity of the swarm may be significantly affected by
fluid flows in the environment. The proposed direction control
algorithm can correct the deviation angle and the error of velocity
can be compensated by adding a disturbance observer. The
swarm velocity may be affected if the swarm moves on a curved
surface. To maintain the distance error in a satisfactory range,
tuning the pitch angle and adding a velocity adjustment module
are potential approaches.
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