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ble to multisource disturbances, including surgeons’ physiological tremor, device vibration, and imaging
noise. Such disturbances can induce localization jitter and trajectory discontinuities. To mitigate insuffi-
cient system robustness caused by the combined effects of disturbance-induced noise and system-model un-
certainty, an adaptive strong-tracking-filtering-based method is proposed for surgical instrument localiza-
tion and guidance, thereby enhancing the stability and reliability of optical surgical navigation. In the posi-
tion domain, a strong tracking Kalman filter with error-statistics-based adaptive adjustment of the noise co-
variance matrices is employed to improve suppression of abrupt noise and drift. In the attitude domain, a
quaternion unscented Kalman filter is adopted to avoid linearization errors while preserving quaternion nor-
malization. To further enhance smoothing performance, moving-average preprocessing is applied to the
position input to integrate low-frequency stability with high-frequency disturbance attenuation. Datasets
from eight distinct scenarios were collected for experimental validation, and the proposed method was com-
paratively evaluated against existing approaches using seven performance metrics. The results indicate that
the proposed method achieves superior overall performance. For attitude tracking, the angular root-mean-
square error is reduced by 50%-79% relative to the reference methods. For position tracking, the overall
trend residual is further reduced by 5%-20% compared with the standard Kalman filter, yielding an im-
proved balance between high-frequency noise suppression and dynamic response stability. These results
demonstrate significant gains in micro-disturbance suppression, attitude stability, and noise adaptability,
providing a theoretical basis for high-precision medical navigation.
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