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Heading-Adaptive Path-Tracking Control for Magnetic Helical

Microrobots Incorporating an Extended State Observer
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Abstract: To address the inadequate robustness of magnetic helical microrobots in low-Reynolds-
number fluid environments caused by complex path geometries and parameter uncertainties, a
heading-adaptive path-tracking control method based on an extended state observer (ESO) is
proposed. First, a conical-tailed magnetic helical microrobot is designed, and its dynamics model
is established based on the resistive force theory (RFT)to reveal the effects of propulsion, drag
forces, and system disturbances on its locomotion velocity. Then, an adaptive path tracking

controller C(APTC) is developed by synergizing the ESO with an adaptive heading controller
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(AHC). In this scheme, the ESO estimates system disturbances and monitors tracking deviations
in real time, while the AHC performs adaptive heading adjustment based on the estimated disturbances
and deviations. Furthermore, feedforward compensation is introduced to optimize the path-tracking
accuracy. Subsequently, a magnetic actuation system was constructed, and comparative path tracking
experiments were conducted to evaluate the performance of the proposed APTC. Experimental
results demonstrate that for V-, U-, and O-shaped paths, compared to model predictive control
(MPC), the APTC reduces the mean absolute error and root mean square error by 3.6%—10. 8% and
3.4%—7.7%, respectively. In maze path-tracking experiments, the MAE and RMSE are further
The study indicates that the APTC can effectively

mitigate error accumulation during complex path tracking in low-Reynolds-number fluid environments,

reduced to 187 pm and 230 pm, respectively.

thereby enhancing the tracking accuracy and robustness of microrobots.

Keywords: magnetic helical microrobot;

compensation; path tracking
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Fig. 1 Schematic diagram of microrobot preparation and

structure
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Fig. 2 Principles of magnetic-driven microrobot motion
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Fig. 3 Force analysis of the microrobot
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Fig. 4 Flowchart of microrobot path tracking control
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Fig. 13 Trajectory comparison of U-shaped path tracking
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Fig. 14 Tracking error curves of U-shaped path tracking
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Table 2 Comparison of U-shaped path-tracking errors pm
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Fig. 15 Experimental snapshots of O-shaped path tracking
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Fig. 16 Trajectory comparison of O-shaped path tracking
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Table 3 Comparison of O-shaped path-tracking errors pm
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Fig. 18 Experimental snapshots of maze-shaped path tracking
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Fig. 19 Trajectory comparison of maze-shaped path tracking
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Fig. 20 Tracking error curves of maze-shaped path tracking
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Table 4 Comparison of maze-shaped path-tracking errors
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