micro

Article

Simulation Study on Navigation Control of Microrobots in
Vascular Blind Zone Environments

Liangtian Li 1?2, Shuangquan Wen 2 and Junfeng Xiong 1-2*

W) Check for updates

Academic Editor: Yang Zou

Received: 27 April 2026

Revised: 22 June 2026

Accepted: 28 June 2026

Published: 2 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Mechanical and Electrical Engineering, Shenzhen Polytechnic University, Shenzhen 518000,
China; liliangtian@szpu.edu.cn (L.L.); sqwen@szpu.edu.cn (S.W.)

Shenzhen Key Laboratory of Modern Design and Manufacturing Technology, Shenzhen 518000, China

*  Correspondence: xiongjfl1@szpu.edu.cn

Abstract

Magnetically actuated microrobots have exhibited broad application prospects in biomedi-
cal fields. To advance their clinical application, extensive research has attempted to enhance
the navigation robustness of microrobots in the body. In the vascular environment, micro-
robots are easily obscured by blood cells and disturbed by fluid flow, leading to the failure
of external sensors and the formation of navigation blind zones. However, most existing
navigation methods are based on ideal environment assumptions and struggle to address
the challenges posed by navigation blind zones. The study proposes a navigation frame-
work integrating Extended Kalman Filter (EKF) and a Proportional-Integral-Derivative
(PID) controller. The EKF fuses sensor measurements and the microrobot kinematic model
to sustain continuous state estimation when sensors fail inside blind zones. The simulation
results show that this navigation framework achieves pixel-level positioning accuracy
under ideal conditions and a 100% navigation success rate. In the presence of blind zone
interference, this navigation framework can effectively suppress the divergence of position
errors and significantly improve navigation robustness. The study proposes a theoretical
framework for microrobot navigation in vascular blind zones. Further physical prototype
experiments are required to verify its practical performance.

Keywords: microrobots; navigation blind zone; extended Kalman filter; PID control;
vascular navigation

1. Introduction

In recent years, microrobots have exhibited extensive application prospects in biomed-
ical fields such as targeted drug delivery [1,2], cell transportation [3-5], and microscale
manipulation [6-10]. With their wireless propulsion and miniaturized features, microrobots
possess various advantages for targeted delivery, providing novel technical approaches for
precision medicine [11-13]. To advance the clinical application of microrobots, it is crucial to
investigate their autonomous navigation and positioning within complex vascular models.
Currently, the intravascular navigation of microrobots mainly relies on visual feedback
and closed-loop control methods [14,15]. For example, Liu et al. employed visual feedback
to control magnetically actuated microrobots, achieving automatic trajectory tracking for
multiple paths [14]. Li et al. stabilized target-tracking movements of magnetic microrobots
in in vitro experiments using vision-based PID controllers [16]. Pawashe et al. successfully
implemented vision-based servo control for magnetic microrobots using a customized PI
controller [17]. Xu et al. designed a dual closed-loop path-following PI control system [18].
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Regarding imaging feedback, Huang et al. proposed an in vivo autonomous navigation
method for magnetically actuated microrobots based on optical coherence tomography
(OCT) imaging feedback, realizing robotic tracking within the portal veins of mice. Al-
though microrobots have been applied in extracorporeal scenarios such as microstructure
manipulation due to their high-precision control performance, their navigation in complex
in vivo environments remains a major challenge [19].

Path planning is also an essential module for microrobot navigation. According to
the environment modeling approach, existing path planning algorithms are classified into
sampling-based [20-23], dynamic-based [24,25], and searching-based [26-28]. Ma et al.
adopted improved RRT to plan paths for microrobots in a simulated plant leaf vein en-
vironment [20]. Kai et al. optimized an informed-RRT* sampling strategy for vascular
microrobot navigation [22]. Nevertheless, RRT and RRT* tend to converge to local optima
in narrow confined spaces, which limits their reliability for vascular path planning. The
dynamic path planning algorithm is used to control microrobots to avoid unknown and
moving obstacles. Zeng et al. proposed the obstacle avoidance planning algorithm based
on the multi-module enhanced dynamic window approach, which addresses the low suc-
cess rate of microrobots traversing obstacle-dense environments by employing the DWA
algorithm [24]. Nevertheless, DWA is essentially a local planning strategy without global
environmental awareness, so it may lead to detours or local stagnation in complex bifur-
cated vascular networks. Once visual signals are blocked in blind zones, DWA cannot work
properly. As a typical heuristic search algorithm, A* has been widely used in microrobot
navigation. Fan et al. successfully implemented automated directional conveyance in a
complex micro maze using the A* algorithm for peanut-shaped microrobots [26]. The A*
algorithm utilizes prior environmental information to guide the search process, achieving a
good balance between computational efficiency and global path optimality.

Although existing autonomous navigation methods have achieved certain precision
in path tracking, their navigation robustness remains severely challenged in the unique
and complex in vivo vascular environment. Owing to fluid disturbances and collisions
from fast-moving blood cells and thrombi, microrobots frequently lose visual positioning
signals and enter blind zones, resulting in external sensor positioning failures and causing
microrobots to enter “blind zone” states within short durations [29,30]. However, most
current research is based on the ideal assumptions of unobstructed environments and
stable blood flow, with limited exploration of reliable navigation capabilities in blind
zone conditions. Although Nelson’s group developed magnetically actuated microrobots
capable of “upstream movement” within blood vessels, they failed to propose effective
solutions for short-term positioning failures [31]. While light-driven microrobots exhibit
high-precision navigation potential, their susceptibility to tissue absorption in complex
in vivo environments impairs their anti-interference performance. As a result, existing
control methods still face significant limitations in enhancing the anti-interference capability
of microrobots within blind zones.

To address the above challenges, this study proposes a theoretical navigation frame-
work integrating EKF and PID controller, aiming to enhance the anti-interference capability
of microrobots during navigation in vascular blind zones. To verify the effectiveness of the
proposed navigation framework, we developed a microrobot simulation system: first, a
discretized vascular model was constructed as the navigation test environment; second, the
A* algorithm was employed to plan the globally optimal movement path for the microrobot;
subsequently, a PID controller was adopted to drive the microrobot to track the planned
trajectory; finally, EKF was applied for high-precision position estimation by fusing camera
measurement data and the data derived from the microrobot’s motion model. The simula-
tion results demonstrate that the proposed navigation framework can effectively cope with
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short-term positioning disturbances in the established 2D vascular models and achieves
favorable robustness under simulated blind zones. Further validation is still required to
confirm its performance when facing disturbances in physical experiments and realistic
physiological environments.

2. Materials and Methods
2.1. Motion Model of Magnetically Actuated Microrobots

This study investigates a class of microrobots actuated by external fields (e.g., magnetic
field [32,33], electric field [34,35], acoustic field [36,37] or chemical gradients [38]) to achieve
precise control over their velocity and direction. Specifically, the target prototype in this
study is a torque-driven helical microrobot powered by rotating magnetic torque. As
shown in Figure 1, we define the magnetic field rotational frequencies as the control
vectors. Meanwhile, the microrobot is subjected to magnetic driving torque, fluid drag and
gravitational force during navigation. The driving setup employs three-axis orthogonal
Helmholtz coils, which can generate a three-dimensional uniform rotating magnetic field
to supply driving torque. Restricted by the experimental environment, the magnetically
actuated microrobot only moves within a two-dimensional plane, hence only X-axis and
Y-axis magnetic field rotating frequencies are adjusted to constitute the two-dimensional
control vector f = [fx, f;]T . Benefiting from the approximate linear correlation between
the frequency of rotating magnetic field and the velocity of the microrobot, the proposed
PID controller is designed to output this frequency vector for closed-loop position control.
The relationship between its dynamic characteristics and the parameters of the rotating
magnetic field is described as follows:

v =f-F(B) 1)

where v = [vy,v,]T is the resultant velocity vector of the magnetically actuated micro-
robot; f = [fx, fy]" is the two-dimensional rotational frequency vector of the rotating
magnetic field, with fy and f, denoting the rotating frequency along the horizontal and
vertical directions, respectively; F(By) is the dimensionless propulsion coefficient function
determined by the amplitude B, of the applied rotating magnetic field, which describes
the quantitative relationship between magnetic field parameters and the velocity of the
magnetically actuated microrobot; The motion model and parameter definitions follow
the classical modeling methods for magnetically actuated microrobots widely adopted in
the literature.

2.2. Navigation System Design

The overall architecture of the proposed navigation system is illustrated in Figure 2,
which consists of four core modules: path planning, a PID controller, EKF position estima-
tion, and a magnetic field drive system. The path planning module generates a globally
optimal shortest path based on the vascular model and transmits the next target point clos-
est to the microrobot to the PID controller. The PID controller calculates positioning errors
using the current position estimated by the EKF module and adjusts velocity commands
for the next movement cycle to eliminate such errors. The magnetic field drive system re-
sponds to velocity commands to propel the microrobot. The EKF module integrates sensor
measurements with motion model prediction results to achieve high-precision position
estimation of the microrobot.
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Figure 1. Schematic illustration of the proposed helical microrobot. The magnetic field control vector
f=[fx fy]T consists of two components f; and f, along the x and y directions, which are generated
by uniform rotating magnetic fields in the OYZ and OXZ planes, respectively. The major physical
forces acting on the helical microrobot include magnetic driving torque Tinagnetic, fluid drag force

Firag and gravitational force Fgravity-
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Figure 2. Architecture diagram of the microrobot navigation system.

2.3. Path Planning

As analyzed above, sampling-based and DWA algorithms have evident limitations in
narrow vascular spaces and blind zones. Here, we adopt the A* algorithm for global path
planning. It is well compatible with our grid-based environment model and can output the
shortest reference trajectories to support the PID controller and EKF estimator under blind
zone conditions. The vascular model is discretized into a two-dimensional grid map, where
the cost value from the starting node to the target node is calculated, and the minimum
value represents the shortest path. The cost function f(n) is defined as:

f(n) = g(n) +a-h(n) (2)

k
800 = ) V@ = %)+ - yi)? ©

h(n) = \/(xn - xg)z + (]/n - ]/g)2 (4)

where, g(n) represents the actual movement cost from the starting node to the current node
n, calculated using Euclidean distance, and serves as the heuristic function. &(n) denotes
the straight-line distance between the current node 7 and the target node. The heuristic
weight coefficient « is set to 1.0 in all experiments to balance the search efficiency of the

algorithm and the optimality of the planned path.
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2.4. PID Controller

The motion control of microrobots in vascular environments faces multiple distur-
bances including environmental constraints and fluid turbulence. To address this, a discrete
PID controller is designed to eliminate the motion tracking error of microrobots. The PID
controller generates desired velocity commands based on the error between the real-time
estimated position and target position. The control law adopts a discrete PID form:

4 k) —ep(k—1
Saesirea (k) = erp(k) + Kiz ep(]') + Ky ey (k) ;P( ) 5)
j=0 E

where, ep(k) = Prarget — Pis Ts, Kp, K;, K; represent the position error vector; the sampling
period; and the proportional, integral, and derivative coefficients, respectively. In the
simulation experiments, the controller parameters were set to K, =0.8, K; = 0.1, and K; =
0.05. The controller parameters were tuned via repeated simulations to minimize average
tracking error, ensure fast response and suppress oscillation under both normal and blind
zone conditions. The proportional gain K, was adjusted to improve tracking sensitivity;
the integral gain K; was set to eliminate static error; and the derivative gain K; was tuned
to suppress oscillation caused by environmental disturbances. After repeated comparative
tests, the above parameters were selected as they achieved the optimal balance between
positioning accuracy and motion stability in the implemented navigation system.

2.5. Extended Kalman Filter

Accurate state estimation is essential for achieving reliable navigation in visual mea-
surement systems that suffer from Gaussian noise and random blind zone interference.
This study employs an EKF framework to integrate robot kinematic models with sensor
measurement data, enabling the optimal state estimation of microrobot systems.

(1) State space modeling

The state vector of a microrobot is defined as a joint vector of its position and velocity
in the two-dimensional plane:

T
X = | Xks Ykr Ox ks vy,k} (6)

The discrete-time state transition equation is based on the uniform motion assumption
of the microrobot:
Xxt+1 = Fxp + Buy 4 wy (7)

where 1) denotes the control input vector at discrete time step k, which represents the
output two-dimensional rotational frequency vector f; = [ fx, ko fy, k] T of the PID controller
in this system.

The state transition matrix F is expressed as:

10 T, 0
1

F:O Ls (8)
00 1 0
0 0 1

The control input matrix B is expressed as:

https://doi.org/10.3390/micro6030049


https://doi.org/10.3390/micro6030049

Micro 2026, 6, 49 6 of 14

0572 0
0 0572
B = T 0 s )
S
0 T,

The process noise wy follows a zero-mean Gaussian distribution, which is expressed as:
wy ~ N(0,Q) (10)

Q = diag (a,%, ag,agx,agy) (11)

where, 0y = 0y, = 0.1 pixels, and 0y, = 0, = 0.05 pixels/step, which were set accord-
ing to the actual noise level of visual imaging systems and the motion characteristics
of microrobots.

(2) Nonlinear observation model

The visual system provides the position information of the microrobot with Gaussian
noise, with the observation equation as follows:

z; = Hxy 4 vy (12)
H— 1 0 00 (13)
0100

where the observation noise v, ~ N (0,R), and covariance matrix R = diag (02, 0%.),

with o, = 0.5 pixels, which is consistent with the positioning accuracy of typical optical
imaging equipment in practical applications.

(3) EKEF recursive estimation (under ideal conditions)

The EKF algorithm realizes recursive state estimation of the microrobot under ideal
conditions through two core phases: prediction and update. When valid sensor mea-
surement z; is obtained, the EKF executes complete prediction phase and measurement
update steps.

Prediction phase:

Xpk—1 = FRe_qk—1 + B (14)

Py =FPy_y1F' +Q (15)

where &;;_; are the prior state estimates at time step k, Py;_; are the prior covariance
matrices representing estimation uncertainty.
Measurement update:

K; = Py H' (HPk|k_1HT +R)! (16)
X = X1 + K (Zk - Hffk|k—1) 17)
Py = (I— KH) Py (I - KH)' + K RK;. " (18)

where Kj is the Kalman gain, z; is the position measurement vector from the sensor, &y
are the posterior state estimates at time step k, Py, are the posterior covariance matrices
representing estimation uncertainty.

(4) EKEF recursive estimation (under blind zones)

A blind zone refers to the state where visual sensor data is completely lost. The EKF
will immediately switch to the blind zone mode once valid sensor data disappears. The
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EKF skips the measurement update step entirely and only retains the prediction update
process. The calculation formulas are:
Prediction phase:
Xpjk—1 = FRg_1k—1 + Bugq 19)

Pij—1 = FPi_1j_1F" + Qyling (20)

where the process noise covariance is increased to Qg = 100Q to reflect the growing
model uncertainty under blind zones.
Measurement update:

Xk = Xrjk—1 (21)

Py = Py (22)

3. Results
3.1. Vascular Modeling

To enable the precise navigation of microrobots in vascular environments, a vascular
simulation model that mimics the branching structure of real blood vessels was first
constructed in this study. As shown in Figure 3A,B, the study converts the vascular
branching structure into a discrete representation suitable for path planning via binarization,
where the white regions denote the accessible areas for the microrobot. Considering that
microrobots in blood vessels are susceptible to disturbances such as Brownian motion and
blood cell collisions, which may easily cause the microrobot to collide with the vessel wall,
morphological erosion was performed on the microrobot’s navigable area to reserve a buffer
space between the vessel wall and the microrobot’s moving path. As shown in Figure 3C,
the red region represents the buffer space, with a buffer distance of 5 pixels; the green region
represents the microrobot’s navigable area. The buffer distance was determined according
to the grid resolution and microrobot size to prevent unintended collisions between the
microrobot and vascular walls. The final binary environment map integrated with the
buffer space is shown in Figure 3D, where the black region indicates the obstacle area and
the white region indicates the safe navigable area.

3.2. Navigation Test Under Ideal Conditions

This study conducted navigation tests of microrobots under ideal, interference-free
conditions within the established vascular simulation model. The microrobot was initialized
at the entrance of the main branch of the vascular model, and three target points at different
spatial distances were set within the model (G1: near, G2: medium, G3: far). Figure 4A,C,E
show the shortest paths planned by the A* algorithm for the microrobot from the start
point to G1, G2, and G3, respectively; Figure 4B,D,F display the true motion trajectories
of the microrobot under the proposed navigation system and the trajectories estimated by
the EKEF. It can be observed that, under ideal conditions without blind zone interference,
the microrobot successfully reaches all target points, and the true motion trajectory is
highly consistent with the estimated trajectory. This result indicates that the microrobot
can accurately track the planned path under the guidance of the navigation system.

Furthermore, the navigation performance metrics for the three target points were
quantitatively analyzed with 1000 repeated simulation experiments conducted for each
group. As shown in Table 1, the pixel distances from the microrobot’s starting point to the
three target points are 731.09, 1641.53, and 2861.97, respectively; the path planning times
using the A* algorithm were 1.09 s, 1.99 s, and 4.88 s, respectively, with planning time
showing a positive correlation between the path planning time and the target pixel distance;
the simulated step counts required for the microrobot to reach the target points were 149.51,
333.22, and 580.82 steps, respectively. The navigation success rate of the microrobot reached
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100% for all three target points. The average positioning errors were 0.75, 0.76, and 0.70
pixels, respectively, while the maximum errors were 2.19, 2.88, and 2.39 pixels, respectively.
These results demonstrate that the navigation system maintains stable and high positioning

accuracy across different distance scenarios.

Figure 3. Results of vascular modeling: (A) original vascular simulation image showing branching
structure; (B) binary image; (C) image with buffer space, where the red region represents the vascular
wall buffer space and the green region represents the navigable area (buffer space width set to

5 pixels); (D) final binary map of the microrobot’s navigable area.

A 0 Map and Planned Path B 0 True vs Estimated Trajectory

Planned points True trajectory

Start point 5004 Estimated trajectory
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1000 10001~
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Figure 4. Navigation test for different target points under ideal conditions without blind zone
interference: (A) planned trajectory for G1; (B) true motion trajectory and estimated trajectory for G1;
(C) planned trajectory for G2; (D) true motion trajectory and estimated trajectory for G2; (E) planned
trajectory for G3; (F) true motion trajectory and estimated trajectory for G3 (n = 1000 simulations).
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Table 1. Navigation performance indicators for different target points. Each experiment was repeated
1000 times.

Target Point Pixel Plfr?rtlliln Sﬁsfzgzn Average Maximum Success
(Coordinates) Distance . 8 Error (Pixels)  Error (Pixels) Rate
Time (s) Steps
G1: (850, 900) 731.09 1.09 149.52 0.75 2.19 100%
G2: (175, 1340) 1641.53 1.99 333.22 0.76 2.88 100%
G3: (985, 4000) 2861.97 4.88 580.80 0.70 2.39 100%

3.3. Navigation Test Under Blind Zone Interference

To evaluate the anti-interference robustness of the navigation framework, the impact
of blind zone interference on the navigation performance of microrobots was further
investigated. Blind zones were randomly set at different positions along the planned
trajectory and maintained for several simulation cycles to simulate the actual scenario where
microrobots are obscured by blood cells in vascular environments. When the microrobot is
in the blind zone, the camera cannot provide real-time feedback on its actual position. A
navigation failure was defined as a positioning error exceeding 20 pixels.

Two sets of comparative simulation experiments were conducted in this study. The
first set was performed with the EKF estimation module disabled (Figure 5A-C). As
shown in Figure 5C, before the appearance of the blind zone, the microrobot’s position
error stably remained within 3 pixels. When the first blind zone appeared, the position
error rapidly accumulated and exceeded the predefined navigation failure threshold. The
second set was performed with the EKF estimation module enabled (Figure 5D-F). As
shown in Figure 5E, the green line indicates the true motion trajectory of the microrobot
as captured by the camera, while the red line indicates the locations and durations of the
blind zones during navigation. The results demonstrate that, even in the presence of blind
zone interference, the microrobot can ultimately overcome the positioning disturbance and
successfully reach the target destination. As shown in Figure 5F, when the microrobot is
outside the blind zone, its position error consistently remains within 0-3 pixels; when the
blind zone appears, the error temporarily increases, but as the blind zone disappears and
the EKF module performs error correction, it rapidly converges back to a stable range. A
comparison of the results from the two sets of simulation experiments verifies that the
proposed navigation framework can effectively cope with blind zone interference and
exhibits favorable navigation robustness in vascular environments.

To further explore the impact of blind zone interference intensity on the navigation
performance of microrobots, this study varied the occurrence probability of a blind zone
from 0.001 to 0.1 and the duration of blind zones from 5 to 30 simulation cycles. For
each combination of interference parameters, 1000 repeated simulation experiments were
conducted. As shown in Figure 6A, the navigation success probability of the microrobot
shows a clear downward trend as the occurrence probability of blind zones increases and
their duration lengthens: Under low-intensity interference (occurrence probability < 0.005;
duration < 10 simulation steps), the navigation success probability remains stable at over
98%, indicating that the EKF module can effectively compensate for short-term sensor data
loss caused by blind zones. Under moderate-intensity interference (occurrence probability:
0.005-0.02; duration: 10-20 simulation steps), the navigation success probability decreases
rapidly when the probability is 0.02 and the duration is 20 steps, and the success probability
drops to only 28%. Under high-intensity interference (occurrence probability > 0.02; dura-
tion > 20 simulation steps), the microrobot’s navigation success probability approaches 0%.
The average maximum positioning error shown in Figure 6B exhibits an opposite trend:
Under low-intensity interference, the positioning error of the microrobot is only 2.4-3.9 pix-
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els. As the interference intensity increases, the microrobot’s position error rapidly exceeds
the 20-pixel failure threshold. The experimental results indicate that the intensity of blind
zone interference has a significant impact on the navigation performance. Nevertheless, the
proposed navigation framework still demonstrates good anti-interference capability under
low-to-moderate-intensity blind zone interference, which provides experimental evidence
and a basis for the subsequent optimization of the framework.

A o D 0 True vs Estimated Trajectory

— True Trajectory — True Trajectory
= = Estimated Trajectory Estimated Trajectory
500 ' *  Failure location 500 '/ }

True vs Estimated Trajectory

/

1000 1000

1500 1500

0 500 1000 1500 2000 2500 3000

B Camera measurement and blind spots E

500 1000 1500 2000 2500 3000

Camera measurement and blind spots

Camera measurement
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Camera measurement
Blind spots

500 1000 1500 2000 2500 3000

1000 1500 2000 2500 3000

I
----- Maximum estimation position error (20.0 px) 20.0 -=== Maxi imation position error (20.0 px)

20

N
[
!

~
9
!

Position estimation error (pixel)
Position estimation error (pixel)
S
=

5.
. /\MM«AMN\,«/J\/WW\/\M
0 20 40 60 80 0 100 200 300 400 500  60C
Simulation steps Simulation steps

Figure 5. Comparison of the microrobot navigation performance in blind zones with and without the
proposed EKEF state estimation. With the EKF module disabled, (A) shows the true and estimated
motion trajectories of the microrobot; in (B), the green line shows the position changes in the
microrobot as captured by the camera, with the red line indicating that the microrobot is currently in
a blind zone and cannot obtain its real-time position from the camera; and (C) shows the position
error curve of the microrobot. With the EKF module activated, (D) shows the true motion trajectory
and EKF-estimated trajectory of the microrobot; in (E), the green line indicates the position changes
in the microrobot as captured by the camera, with the red line indicating the blind zone duration and
location; and (F) shows the position error curve of the microrobot (1 = 1000 simulations).
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Figure 6. Impact of blind zone interference intensity on the navigation performance of the microrobot:
(A) Navigation success probability. (B) Average maximum position error (n = 1000 simulations).

3.4. Computational Real-Time Performance Analysis

Real-time performance is a prerequisite for the in vivo deployment of microrobots in
future practical applications. We evaluate the execution time of the proposed navigation
framework in the simulation environment. All tests are conducted on a desktop computer
equipped with an Intel Core i5-12400 CPU and 8 GB memory. The simulation is imple-
mented in VSCode using Python 3.10.12. The execution time of each module within a single
control cycle is measured as follows: EKF state estimation takes 13.5 ms, and PID control
law calculation takes 3.3 ms. The total execution time for a complete control iteration is
approximately 20.0 ms, corresponding to a frame rate of around 50 fps. Furthermore, the
module execution time remains nearly identical under normal working conditions and
blind zone scenarios. Since the simulation cannot fully replicate sensor data acquisition
and microrobot position extraction, we note that these extra procedures only occupy a few
milliseconds in physical tests. Overall, the proposed navigation framework runs at tens
of hertz in the simulation environment. The computational performance analysis demon-
strates its potential to meet the real-time demands of conventional practical experiments.
Nevertheless, the practical control frequency is substantially constrained by the specific mi-
crorobot platform, actuation system, sensing modality and feedback latency [39]. As widely
reported in related studies, even highly efficient algorithms in simulations will see a drop in
practical control frequency due to extra latency from image acquisition, signal transmission
and hardware response. For most magnetic microrobot systems designed for vascular
navigation, the actual control frequency is typically limited to 20 Hz or below [23,40,41].

4. Discussion

The simulation results demonstrate that the proposed navigation framework can
effectively cope with vascular blind zones caused by blood cell occlusion. Nevertheless,
the present study still has several limitations worthy of further investigation. The study
adopts a 2D static vascular model and does not incorporate the comprehensive impacts of
complex in vivo blood environments. These reasonable simplifications allow us to focus
on the core problem of blind zone positioning failure and do not affect the reliability
of our core conclusions. As the current study is purely simulation-based, deploying
the proposed framework on physical experimental platforms will introduce unforeseen
disturbances and cause notable deviations from simulation predictions. Accordingly, we
arrange our follow-up research into three progressive stages. In the first stage, we will
employ physical microrobots for experiments within a 2D static microfluidic channel,

https://doi.org/10.3390/micro6030049


https://doi.org/10.3390/micro6030049

Micro 2026, 6, 49

12 of 14

References

to preliminarily validate the feasibility of the proposed navigation framework in real
experimental environments. Meanwhile, we will refine the navigation framework according
to experimental results, such as adopting an adaptive PID algorithm to improve anti-
interference performance. In the second stage, we will increase environmental complexity
to mimic the characteristics of physiological blood. We will introduce continuous flow
fluid in microfluidic channels to replicate the flow fluctuations of physiological blood.
In the third stage, we will extend the experiments to an in vitro 3D vascular model for
comprehensive evaluation.

5. Conclusions

To address short-term positioning failure in blind zones caused by blood cell occlusion,
this study proposed and validated a microrobot navigation framework integrating the EKF
with a PID controller. First, a two-dimensional discrete vascular environment model with
safety buffer boundaries was constructed via image processing and morphological erosion
operations. A global optimal collision-free path was generated using the A* algorithm,
while a position error feedback-based PID controller was designed to drive precise trajec-
tory tracking of the microrobot. The key contribution of this study is the integration of the
EKEF algorithm into the navigation control system, which effectively fuses the microrobot’s
kinematic prediction model with sensor measurement data containing Gaussian noise
and intermittent loss. Multiple groups of comparative simulation experiments demon-
strated that, under ideal interference-free conditions, the navigation framework achieves
high-precision path tracking with average positioning errors at the pixel level. In complex
scenarios with random blind zone interference, compared to traditional vision-only naviga-
tion methods, this approach significantly suppresses the divergence of positioning errors,
avoids trajectory deviations and vessel wall collisions caused by target positioning loss,
and ensures the successful completion of predetermined navigation tasks. Although there
are inevitable differences between simulation environments and real in vivo conditions, the
simulation results conclusively show that the navigation framework combining the EKF
and PID controller can effectively compensate for the limitations of single visual navigation,
enhancing the robustness of microrobots in simulated blind zone environments.
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