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Abstract— Magnetic helical microrobots have attracted consid-
erable attention in navigation control. However, the performance
of microrobots is negatively affected by time-varying uncertain
perturbations and obstacles, at the microscale. In this study,
we present a navigation control scheme for accurately guiding the
helical microrobot to targeted positions in dynamically changing
environments. To efficiently plan smooth paths, a search-based
algorithm with pruning rules is implemented to quickly find
collision-free waypoints and design an optimal method with spa-
tial and dynamic constraints for obtaining smooth paths globally.
Velocity gain and potential fields are integrated to develop an
emergency local motion replanning method for addressing ran-
dom obstacles that suddenly appear in the preset path. In order
to attain microrobot system dynamic linearization and achieve
precise path following of a helical microrobot, a robust control
strategy that integrates geometric and model-free controllers in
a complementary manner is presented. The geometric controller
as a feedforward controller, responsible for managing path infor-
mation and generating guidance laws. In contrast, the model-free
controller operates as a feedback controller, specifically designed
to rapidly address position deviation. Meanwhile, we employ an
observer to compensate for disturbances. Experimental results of
precise motion control in both static and dynamic environments
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demonstrate the effectiveness of this navigation control scheme,
which is promising for moving with high accuracy in cluttered
and dynamic living enclosed environments.

Note to Practitioners—This paper was motivated by the
problem of the navigation control of magnetic microrobots in
dynamic environment. The existing navigation control methods
of microrobots mainly focus on the static environment, which is
challenging to meet the emergency obstacle avoidance require-
ments in the cluttered environment with low Reynolds number.
In addition, the conventional path following control always
ignores the nonlinearity of the microrobot system, resulting in
insufficient following accuracy. In this work, a novel navigation
control method for microrobots is proposed, which can guide
microrobots to accurately follow dynamically planned paths
in cluttered environments without collision. Simulations and
experiments validate the performance of the proposed navigation
control method using helical microrobots. The proposed naviga-
tion control method paves the way for a better understanding of
advanced navigation control method for magnetic microrobots.

Index Terms— Magnetic helical microrobot, nonholonomic
motion control at microscales, electromagnetic actuation, motion
planning, adaptive control.

I. INTRODUCTION

ICRON-SIZED helical robots that can be remotely con-

trolled by magnetic fields have garnered considerable
interest due to their potential for transformative biomedical
applications, as these robots have the ability to access difficult-
to-reach enclosure regions inside the human body [1], [2],
[31, [4], [5], [6]. However, guiding a helical microrobot to a
specific target location (e.g., tumor, thrombus) while avoiding
obstacles in a dynamic cluttered environment is immensely
challenging [7], [8], [9], [10]. This requires the microrobot
system to not only plan and execute collision-free and dynam-
ically feasible paths but also move toward the path with high
precision.

The initial stage of the dynamic path-planning procedure
involves identifying a sequence of waypoints through uti-
lizing either randomized or search-based algorithms [11].
Due to their inherent random planning behavior, randomized
path-planning methods such as RRT and PRM exhibit unpre-
dictable performance when requiring frequent replanning or
when operating in confined and narrow environments [12].
As resolution-complete methods, search-based path-planning
approaches such as Dijkstra and A* can plan viable paths
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in complex environments. However, the considerable increase
in the number of nodes may reduce the planning efficiency
[13]. Therefore, efficient planning of a feasible path for a
helical microrobot in a heterogeneous liquid environment with
multiple obstacles remains an open area of research. After
identifying a sequence of waypoints, the resulting path may be
convoluted and nonsmooth in form, causing a sudden change
in motion states at turning points and consequently hindering
the stability of the microrobot. Thus, the straight-line rough
paths must be optimized for smoothness to ensure that the
motion of the helical microrobots changes less abruptly and
more gently. The path optimization problem is commonly
transformed into a constrained quadratic programming (QP)
problem [14], which is widely used in the field of unmanned
aerial vehicles. In scenarios with multiple obstacles, the opti-
mized path may deviate significantly from the original path
and may even intersect with obstacles, thereby increasing the
risk of collision. Therefore, smoothness and safety constraints
(spatial constraints) must be considered simultaneously. Fur-
thermore, the microscale liquid environment is subject to
dynamic changes influenced by factors such as heterogeneity,
thermal noise, and Brownian motion [15], [16], [17]. Unknown
suspended objects can suddenly become dynamic obstacles
that unexpectedly enter the microrobot’s field of view and
unpredictably approach the microrobot. Therefore, by avoiding
local random obstacles when responding to emergencies dur-
ing global path planning, the motion robustness of microrobots
can be effectively improved.

To accurately follow the dynamically planned path, the
path-following controller must quickly address any offset
errors. However, in a dynamic microenvironment, the helical
microrobot system exhibits high nonlinearity, causing the
robots to deviate frequently from their intended state [18],
[19], [20]. To actuate the helical microrobot, the controller
continuously adjusts the direction and magnitude of the current
flowing into the electromagnet to produce a corresponding
control magnetic field. However, due to the inherent hys-
teresis and input saturation characteristics of the nonlinear
electromagnetic drive system, the rate of change of the mag-
netic field lags behind that of the control command, and the
strength of the magnetic field may not match the desired value
[21]. A common control method for nonlinear microrobot
systems involves linearizing the dynamic model by ignoring
higher-order disturbance terms and reducing deviation by
artificially adjusting the control parameters [22]. As a result,
managing sudden deviations in the helical microrobot system
can be difficult, causing the movement to become uncontrol-
lable. If unmodeled system dynamics and random disturbances
can be estimated and compensated for or even eliminated,
the nonlinear microrobot system can be approximated as
linear, significantly reducing the control difficulty. Common
motion control methods for linearized microrobot actuate
systems currently include geometric controllers, model-based
controllers, and model-free controllers. Geometric methods
[23], [24] rely heavily on the geometric relationship to cal-
culate the direction of movement while being unable to
directly address tracking errors. Model-free control methods
[25], [26] are overly sensitive to feedback errors at each
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time step, making ensuring high system stability difficult.
Model-based and optimization-based methods [5], [27] achieve
path-following through continuous iterative calculations, the
tracking performance of these methods greatly dependent on
the accuracy of the dynamic model. However, it is challenging
to obtain high-fidelity models at the microscale. They also con-
sume large amounts of computational resources. Overall, the
aforementioned methods are unable to address every aspect of
the tracking process and cannot ensure tracking performance
and system stability. When situations get more complicated,
the performance of above methods may decline significantly,
or they may even become ineffective due to their inability
to account for unknown factors. Therefore, a method that
divides the path-following tasks of microrobots into multiple
subtasks and controls them independently, greatly improving
path-following performance, is needed.

In this study, we present a navigation control scheme to
design collision-free and dynamically viable paths for a helical
microrobot with high path-following precision. To efficiently
plan a smooth path, a search-based algorithm with pruning
rules is implemented to quickly find collision-free waypoints
and then design an optimal method with spatial and dynamic
constraints for obtaining a globally smooth path. By integrat-
ing velocity gain and potential fields, an emergency local
motion replanning method is developed to address random
obstacles that suddenly appear in the preset path. In order to
attain system dynamic linearization and achieve precise path
following task, a robust motion control method that integrates
geometric and model-free controllers in a complementary
manner is proposed. The geometric controller is employed
as a feedforward method to handle path information and
formulate guidance laws, whereas the model-free controller is
utilized as a feedback method to rapidly respond to position
deviation. Additionally, an extended state observer (ESO) is
utilized to compensate for unmodeled dynamics and unknown
disturbances in our approach. Simulation and experimental
results of following arbitrary paths and handling with dynamic
environments demonstrate the significant potential of this navi-
gation control method for dealing with complicated conditions.

The paper is structured as follows. Section II describes
the motion model; Section III presents the navigation and
control method; Section IV presents the electromagnetic actu-
ation setup; Section V shows the simulation and experimental
results, and this paper is concluded in Section VI.

II. PATH-FOLLOWING PROBLEM FORMULATION
A. The Movement Model

The schematic diagram of the electromagnetic workspace
is shown in Fig. 1(a), where ¢;(i = 1---8) denotes the center
position of the i electromagnetic coil. The dimensions of the
working space are shown in Table I. The basic coordinate
O and the image coordinate O; are established. As shown in
Fig.1(b), g = [x(?), y(t)]T is denoted the position with respect
to the basic coordinate. p = [p. (1), py(t)]T is denoted the
position with respect to the image coordinate.

Assuming a no-slip boundary condition at low Re, the
Stokes equations require that there exists a linear relationship
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Fig. 1. (a) Structural diagram of the electromagnetic workspace. (b) Motion
diagram of helical microrobot.

TABLE I
DIMENSIONS OF THE WORKSPACE (MM)

Dimension Value Dimension Value Dimension Value
a 147 G 104 R 73.5
b 52.5 d 42 r 37.1

between the speed and rotational frequency of the propeller
motion, and the externally nonfluidic applied force and torque,
which means when an external force and an external torque
are applied to the helical microrobot, it moves with linear
velocity and angular velocity [1]. For generalization, we think
of microrobots as mass dot motion. In a liquid environment
characterized by a significantly low Reynolds number (Re),
a helical structure has the capability to be propelled by a
uniformly rotating field. But, when it comes to performing
tasks at the microscale in such liquid environments, loco-
motive devices encounter considerable diffusivity caused by
disturbances. In addition, the spin top motion, which relies on
friction, enables the helical microrobot to make contact with
the surface solely at its tip, ensuring efficient and effective
movement. However, obtaining the dynamics of the spin top
motion can be difficult. Hence, we consolidate the unmod-
eled dynamic behavior and time-varying disturbances into a
generalized disturbance. In addition, due to the low Re effect,
the acceleration of the microrobot is negligible. Therefore, the
motion model of the microrobot is:

P, :gx(t)+Dx
gx = F(f, @) cos (o) cos(9) 0
Py =gy(®) + D,y

gy = F(f, a)cos () sin(6)

where g, , represent the expected velocity of the helical micro-
robot in the X and Y directions, respectively. f represents
the rotation magnetic field frequency. @ and 6 represent the
pitch and yaw angles, respectively. F(f, «) is a nonlinear
function representing the velocity of the microrobot, and its
value is related to the pitch and the rotation frequency. D, ,
are unknown disturbances.

B. Image-Based Visual Servo Path Following

The path following task of helical microrobot is realized
based on visual servo. The task objective includes eliminating
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distance error and yaw error, as shown in Fig.1(b). We set
the desired arbitrary path as a series of waypoints P;(K) =
[xd(K ), ya(K )]. The expected path is discretized to select a
section K,;,, which the beginning point is Px and the terminate
point is Pky;. The current center of mass of the microrobot
is C;, and the center of mass of the previous moment is C;_;.
Dk is the projection of C; onto the segment Lﬁiw Therefore,
distance error E; and yaw error E, are expressed by the
formulas (2) and (3).

Py % C;
P P
E;=C,Dg = %L,ﬁ;ﬂ — LYx )
H PI;+1
Ly eLg™
Ep =cos™! II:K“ ? 3)
t—1
il

IIT. MOTION PLANNING AND CONTROL DESIGN

This motion planner aims to generate a smooth and obstacle-
free path. The jump point search (JPS) algorithm [13] is
initially employed to find a preliminary path, which is then
optimized using the minimum jerk method within a safe travel
corridor [28] and under kinematic constraints. In situations
where the helical microrobot encounters randomly appearing
obstacles or other challenges during motion, a novel improved
artificial potential function algorithm is developed for local
obstacle avoidance.

The control loop of the helical microrobot incorporates two
main modules. (I) An ESO [26] is used to suppress generalized
disturbances, making the nonlinear system dynamic able to
be approximated by linearization. (II) A combination control
model of the geometric method (pure pursuit with the line-
of-sight method (PLOS) [29]) and model-free method (PID)
handles path information and position error to achieve accurate
path following.

A. Trajectory Generation

1) Initial Path Generation: In motion planning tasks, the
environment is commonly modeled using an occupancy grid,
which can be created through the use of sensor data such
as camera feeds. To accommodate the actual dimensions of
the helical microrobot system, each new obstacle point is
expanded into a cubic volume of fixed size upon being inserted
into the map. In the initial stage, a passable waypoint path
free of collisions can be identified using the JPS path planner.
The JPS method is combines A* search with specific pruning
rules that reduce the runtime of A* by an order of magnitude.
As defined in [13], the term “natural neighbors” refers to the
remaining set of nodes after the pruning process. On the other
hand, neighbors that cannot be pruned due to the presence
of nearby obstacles are known as “forced neighbors.” The
cost function adopted in the proposed methodology bears
resemblance to that of the A* algorithm. Specifically, the
heuristic function is defined as the Euclidean distance between
the current node and the intended destination node, while the
cost function is defined as the Euclidean distance between the
current node and its parent node.
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Fig. 2. (a)-(d) Neighbor pruning rules of the JPS method. The natural
neighbors of the current node are highlighted in white. The pruned neighbors
are marked gray. The blue arrow also shows the direction from the parent.
When the current node is adjacent to an obstacle (depicted in black), it is
crucial to note that the highlighted forced neighbors (shown in pink) should
not be pruned. The red arrow denotes the pairing between an obstacle and
its respective forced neighbor. (e) Path found by the JPS method (blue arrow
line). The gray line represents the search process.

The fundamental concept behind the JPS method involves
expanding from the starting point and selecting the jump point
with the lowest cost from among the natural neighbors as the
next node for expansion. This process is repeated until the end-
point is reached. If a path is found upon completion of the
loop, the path can be recorded. Fig. 2 illustrates a complex
path through a maze.

2) Corridor Generation and Path Optimization: The path
found by the JPS method is composed of multiple straight
lines, which may result in infeasible and inefficient motion due
to the constraints of the system dynamics, such as the speed of
the microrobots and the change in speed of the microrobots.
Hence, the route should be optimized to enhance the caliber
and temporal efficiency. The newly generated path can be
mathematically represented as a multisegment polynomial, and
its optimization problem can be formulated as a quadratic
programming (QP) problem [24]. N new waypoints along
the specified path are sampled evenly in the time horizon,
and intermediate waypoints are added at a distance from the
obstacle boundary to prevent collisions with the obstacle.

A series of corridors are generated to cover the waypoints
generated by the JPS method. The principle of determining
the k;;, safe travel corridor is introduced as follows.

Xmin < Xg(k) < Xmax, Ymin < Ya(k) < Ymax

S-t-_lrabat < Xmax — Xmin> Ymax — Ymin < Elrolmt (4)

4

where [,,,,; denotes the helical microrobot major axis length.

The M-segment, N order piecewise polynomial path is
designed to ensure a smooth passage through the waypoints
within specified corridors. By considering the start time of the
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path and all end-times of individual segments, one dimension
of the entire path can be expressed as follows:

N
Domt—t), n<t<n
=0
N
Dmit—1n), n=t<n
M) =1 =0 &)

Iy—1 =t =ty

N
ZnMj(l —ty-1)’,
j=0

where n;; is the j™
path segment.

Both corridor and dynamical constraints can be formulated
either as linear equality (Aegp = beq) or inequality (Ajgp <
byy) constraints. The object function (5) can be expressed as
pTHp, where p represents the vector of polynomial coefficients
for all segments and H denotes the Hessian matrix. Hence,
path generation can be effectively represented as a quadratic
programming problem.

order polynomial coefficient of the i’

min p'HP
S.t. Aggp = beg
Agp < byg (6)

In order to achieve a smooth transition between path seg-
ments, we ensure continuity of the first Ny — 1 derivatives at
the times when segment transitions occur.

The optimization objective is to find a path that minimizes
the integral of the square of the Né)h derivative, which can be

expressed as:
& dN"’f(t))z
min ———) dt 7
/zo ( dr™ @

In this paper, we set a specific value Ny = 3 and aim to
minimize the total jerk of the polynomial path. Minimizing
the total jerk of the polynomial path not only ensures path
smoothness, but also results in reduced acceleration changes
and, by extension, decreased current variations in the electro-
magnetic system. This can effectively mitigate the negative
effects of coil hysteresis.

To make the optimized path M (¢) as close as possible to
the preset path M,(¢), we add a guiding error with a regular
coefficient:

ty dN
min/ ( ;tf(t)) dt+7t/ (If @) = fa@))*dt  (8)

where A is a nonnegative constant that can adjust the balance
between path smoothness and target curve tracking. The larger
A is, the closer the optimized path is to the preset path (see
Fig. 3).

B. Improved Artificial Potential Function Method

Artificial fields, generated by obstacles and the goal poten-
tial, are considered as potential functions (PFs) that serve to
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Fig. 3. The optimized paths diagram. The gray boxes represent corridors.
The green, red, and pink boxes represent the start, end, and jump points,
respectively. The black boxes represent the inflated obstacles.

direct the helical microrobot towards the goal while simultane-
ously ensuring safe distance from obstacles [30]. The goal PF
features a minimum at the goal position, enabling it to attract
the helical microrobot towards the desired destination. Con-
versely, the obstacle PF exhibits a maximum at the obstacle’s
position, creating a repulsive force that helps the helical micro-
robot avoid collisions. However, traditional artificial potential
field (APF) algorithms often encounter challenges related
to local minima and oscillations. To address these issues,
a novel Improved Artificial Potential Field (IAPF) algorithm
is developed specifically for emergency path replanning of
helical microrobots within constrained spaces.

In the event of an obstacle within the field of view, the
motion control program automatically transitions to the IAPF
processing module. The helical microrobot will experiences
the repulsive forces from the obstacles and the attractive force
from the target. Hence, the helical microrobot should navigate
in the direction of the resultant force. The APF can be defined
as follows:

U=U,+30, ©)
i=1

1
Ua(@) = 7kallg — a (10)

1 1 1\2
k| —m——) , —qll <A lq9q, > 0
vl 3 (”q_%” A) lg = q:ll < A0 () 440

0, otherwise

Y

where U, denotes the attractive potential, U, signifies the
repulsive potential, and m represents the number of obstacles
encountered in the system. k,, are positive coefficients. g,
denotes the target location. g, denotes the obstacle location.
[|-I| is the distance operation. 4, denotes the maximum impact
range of obstacles.

The artificial force that acts on the microrobot is described
as being the negative gradient of the APF. This force is given

IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL. 21, NO. 4, OCTOBER 2024

(a) (b)
¥ atlractive : An obstacle that suddenly
total §
5 5 appears in the path
4 X * 4 X *
> - X
’El\ 2 ’g 2
= = %
1 o 1 ; 4
0 k X 0 * X

attractive
repulsion
total

Obstacles do not affect the -
movement of the helical microrobot

-1 0 1 2 2 4 5 6 7 -1 0 1 A
X(um)
(c) g (d)
The IAPF is working

3 a L] 6 7
X(um)

Finally reach the goal

4 X * 4 X *
- X 7 X
= 4 =
£l W £,
= - =
P
il I 1 4
0 * 0 *" 54

. X
attractive
rotation
repulsion
total

attractive
rotation
total

a 5 6 7 -1 o0 1 2 a 5 6 7

3 3
X(um) X(um)

Fig. 4. Diagram of the local random obstacle avoidance based on the IAPF.
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Fig. 5. The geometry of the pure pursuit with LOS-based path following.

by the following expression:

F:—VU:—VUa—ViUrzFa+i:F,

i=l1 i=1

12)

where F, is the attractive force and F, is the repulsive force.
When F, #0, > F, #0, while F ~ 0 and means that F,

and F, have the sla_rile magnitude in opposite directions. This
results in the local minima and oscillations problem, that is,
the helical microrobot becomes stuck. To address this, inspired
by [30], a rotating potential force F; is added to the artificial
force as follows:

q —4q:

lg — g:ll
0, otherwise

kT g , if object is stuck

Fy = 13)

where k; is a positive coefficient. Tk is a rotation matrix for
which the rotation angle belongs to (0, 90].

When the microrobot must achieve random avoidance, the
new local obstacle avoidance algorithm is regarded as

Mi:Fa"i_iFr'i_Fs_kv

i=1

(14)
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Fig. 6. Block diagram of the navigation control system of the helical microrobot system.

where k is a positive control gain used for damping. v is the
velocity of the helical microrobot. Under the assumption of
bounded control signals, the proposed control law facilitates
the microrobot to approach the target in an asymptotic and
collision-free manner. The simulation results of emergency
obstacle avoidance for microrobots based on IAPF algorithm
are shown in Fig. 4.

C. Controller Design

1) Disturbance Observer: As the environment changes
dynamically at a microscale, estimating and compensating for
the environmental noise is necessary. When the measurement
noise existed, the linear ESO is typically considered superior
to nonlinear one in terms of performance and robustness [31].
The observer is represented by the formula (15).

ai(t) = a (1) + &:(1) + M (p (1) — @i (1))
ax(t) = da(py(t) — @ (1))
ay(t) = a3 (1) + gy(0) + A3 (p, (1) — a3(1))
ay(t) = Aa(py (1) — @ (0))
s.t.
a(t) = [a\(1), ax(1), az (1), as(1)]"
= [pc(0), D:(1), py (), Dy ()]
ar) = lai(), @), a), an)]"
= [5:(1). Dy(1). 5y(1). Dy()]"
where A;(i = 1,2,3,4) denote the positive parameters, a(t)
denotes the designed extended system state vector, and a(z)

denote the state estimation vector.
The error dynamic of the observer is obtained as

(15)

é=Ae+ B
A1 0 0 0
=10 0 0|, | —D.
A=l o 0o -4 1|BE] 0 (16)
0 0 Ay O —Dy(1)

If appropriate parameters A;(i = 1,2,3,4) are selected,
A is Hurwitz. In addition, we assume that the derivative of
the disturbance in B are bounded. Theoretically, the designed
observer is convergent, and the estimation error is bounded.

Fig. 7.

The Schematic diagram of electromagnetic drive system.

2) PLOS-PID Controller: The path is followed through
feedback control to reduce the defined error. The PLOS
method is used to formulate the guidance law, which drove
the helical microrobot toward the look-ahead point along the
path segment. The PID method can rapidly respond to the
distance error.

The relationship between the motion state of the helical
microrobot and the target path is shown in Fig. 5. In PLOS
method, look-ahead distance L is an important factor affecting
path following. When the microrobot moves to the target
position, the turning radius R nin, is the smallest. We can
obtain the relationship between L and R;y,ning as follow:

L = 2Ryin (17)

Therefore, the motion control direction of the microrobot
is:

GPLOS = —atanZ(d, b) - Gadvzmce + KLOSd (18)

where d is the minimum distance between the microrobot’s
center of mass and the target path, b is the distance between the
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Fig. 8. Linear path simulation results. (a) The diagram of the motion process.
(b) The partial enlarge view. (c) Position errors. (d) Steering errors.

projection point of the microrobot’s centroid on the path and
the look-ahead point, 6,4y4nc. 1S the current motion direction
of the robot, and K og is the proportional gain.

PID is deployed to intensify the control of feedback tracking
error. Parameters ¢, pertaining to E; and E, are constructed
as the feedback value feed to the controller.

deja(t)

t
Opip = Kpeia(t) + Ki/ eq(t) + Kdd— (19)
0

t
where ¢;, = E4+L sin Ey, and K, ; 4 are positive parameters,
respectively. if L is not optimized, it leads to an increase
in distance error, which is then compensated for by the PID
controller.
The PLOS-PID controller is summarized as

Opros—pip = LP(u(1 + 1) ' 0pros + (1 4+ 1)~ '0p1p)
(20

where 0p; ps_prp is the motion control value, u denotes the
weight ratio coefficient of PLOS and PID and L P(e) denotes
a filter function.

Combining the ESO and PLOS-PID, the motion control
direction of spiral microrobot is

Oc(t) = OpLos—pip — D(1) 1)

where ﬁ(t) is the estimation vector of the ESO.

IV. SYSTEM SETUP
A. Magnetic Field Generation System

This section outlines the actuation mechanism of the helical
microrobot, which features an eight-stage electromagnet sys-
tem depicted in Fig. 7. The system comprises four horizontally
configured stages and four diagonally configured stages. Addi-
tionally, an inverted microscope is placed beneath the working
area to monitor the movement of the microrobot [32].

The application of a rotating magnetic field on the helical
microrobot induces a rotational motion, driving the spin of the
microrobot through the exertion of magnetic moment T.

T=mxB (22)
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where m represents the magnetic moment (A/m?), and B
represents the flux density of the applied field with optimal
currents.

When implementing a rotating magnetic field, the flux
density B at any time can be calculated in real time by the
rotation matrix [33]: (23), as shown at the bottom of the next
page, where C = cos¢@, § = sing, and ¢ denotes the step
angle. A represents the rotation axis vector. B;,; represents
the initial flux density vector.

Once the rotating magnetic field vector is obtained around
any axis, the corresponding current necessary for each coil can
be determined.

B. The Microrobot Structure

The double helix structure is one of the typical helical
microrobots [32]. We manufacture the body using biocom-
patible hydrogels. The hydrogel material is mixed with the
photoinitiator and solidified into a helical structure by a
two-photon printing device. In addition, the helical microrobot
uniformly contains magnetic nanoparticles driven by magnetic
fields. The helical microrobot possesses dimensions of 75 um
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in length, 31 um in width, and a wavenumber of 1.25. The
image of the microrobot is shown in Fig. 7.

The helical microrobots have a cutoff frequency. At frequen-
cies below this threshold, the helical microrobots demonstrate
synchronous rotation with the external magnetic field. More-
over, when the rotation frequency remains below the critical
value, a linear positive correlation exists between the speed of
movement and the rotation frequency under ideal conditions.
The movement speed rapidly declines when the rotation fre-
quency is over the critical value. Too high or too low rotation
frequencies produce varying degrees of wobbling motion.
In our study, wobbling is considered in lumped disturbance.

V. SIMULATION AND EXPERIMENT

To initially validate the efficacy of the proposed control
method, motion simulations are implemented for both linear
and curved paths. Random Gaussian noise is added to the
simulations to represent uncertainties, including unmodeled
dynamics and time-varying disturbances.

The result of the motion simulation of the linear path is
shown in Fig 8. Fig. 8(a) displays the entire motion, while
Fig. 8(b) magnifies the motion stabilization process. Fig. 8(c)
and (d) show that both position and steering tracking errors
remain within a small range and converge nearly to zero.
A locally magnified view of the results is also included in the
error plot. Our control method reduces overshoot compared

Local new path

200
*

y(,u,,,) 00

Experimental results of navigation control in variational obstacles map.

to PLOS, and it has a faster response time than PID. Fig. 9
illustrates the curved trajectories of different control methods.
As shown in Fig. 9(c) and (d), our proposed combination
control method can accurately follow the path with smaller
steering adjustments. The outcomes of these simulations
provide strong evidence supporting the effectiveness of our
proposed control algorithm.

Utilizing the electromagnetic system as described in
Section IV, two additional experiments are conducted to
evaluate the performance of the proposed algorithm in path
following and obstacle avoidance scenarios. In the first sce-
nario, we utilize a transparent circular dish with a 15 mm
radius, filled with reverse osmosis water and containing a
helical microrobot is placed in the center of the workspace.
As the helical microrobots followed the path, the image frames
were processed using the standard OpenCV library to collect
the position and velocity of each helical microrobot. The
imaging system operated at 30 frames per second, ensuring
accurate and efficient real-time visual feedback. The imple-
mented automated experimental platform in our study enables
the execution of physical experiments with minimal human
intervention, thereby minimizing human-induced disturbances
to both the robot and the test surfaces. Based on the predefined
trajectory, the proposed controller accurately calculates the
required current input and transmits instructions to the power

supply.

B = RB,;,;
C+A2(1-0)

R = AxAy(l_C) + AzS

AA,(1-C) —A,S  AA,(1-C) +A,S
C+Al1-0)
AA,(1-C) —A,S  AyA,(1-C) +A,S

AyA,(1-C) — A,S
C+AZ(1-0)

(23)
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Fig. 10 presents the results of curved path following,
which records the image of the experiment process. The
helical microrobot can be seen moving along the path to
the desired position. As shown in Fig. 11, both the position
and steering errors converge to within a small neighborhood
of zero (1.84 um and 0.013 rad). To thoroughly examine
the inhibitory effect of ESO on disturbances, we conducted
an experiment wherein the helical microrobot followed the
same path without implementing ESO. The analysis of the
results reveals that ESO can effectively reduce the distance
error of the helical microrobot by approximately 2 times (see
Supplementary Materials). The second experiment of the static
and dynamic obstacle-avoidance case is shown in Fig. 12
and 13. Firstly, a collision-free initial path was generated
in the global map. Then, based on corridor and dynamic
constraints, a smooth path was generated. Using the motion
control algorithm proposed in this study, the helical microrobot
can accurately follow the path, which the average following
error is about 3.6 um. Secondly, when a random obstacle
suddenly appeared during the movement, the IAPF method
was used to replan the local area path to eventually reach
the target point, during the process the microrobot had an
average following error of about 6.1 um. All the experiments
can be found in the Supplementary Video SI. Additionally,
we conducted an experimental setup involving the helical
microrobot’s obstacle avoidance as the obstacles gradually
approached the predefined path. The corresponding results can
be found in the Supplementary Materials.

VI. CONCLUSION

In this work, a novel method for the navigation control
of magnetic helical microrobots in confined and cluttered
environments is proposed. Our path planning method accounts
for both global path planning and local emergency replanning.
We implement a search-based algorithm with pruning rules to
quickly find collision-free waypoints and design an optimal
method with spatial and dynamic constraints to generate a
smooth global path. To address sudden obstacles that appear
in the preset path, we develop an emergency local motion
replanning method that integrates velocity gain and potential
fields. To achieve high-precision path following, we propose a
robust motion control strategy which synergistically integrates
both geometric and model-free methods. The tracking control
scheme is validated through a combination of simulation
and experimental results, which collectively demonstrate its
capability to accurately follow arbitrary paths and navigate
dynamic environments with micron-level precision. This work
demonstrates significant potential for the navigation of mag-
netic helical microrobots in cluttered and dynamic enclosed
environments.
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