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Abstract

Deep space exploration and Low Earth Orbit (LEO) operations expose spacecraft structures to a
complex array of environmental stressors, including high-velocity micrometeoroid impacts, high-energy
ionizing radiation, and extreme cyclic thermal gradients. Conventional passive protection systems and
traditional Fiber-Reinforced Polymers (FRPs) lack the inherent capacity to autonomously detect or re-
pair structural damage in-situ, leading to progressive degradation of structural integrity, compromised
mission safety, and prohibitive operational costs. To address this critical research gap, this study pro-
poses a hybrid ”living” structural architecture that integrates Deep Feed Forward (DFF) Neural Net-
works with embedded Fiber Bragg Grating (FBG) sensors to enable real-time damage diagnostics and
autonomous thermomechanical repair via advanced vitrimeric composites. The proposed methodology
utilizes a vitrimeric epoxy matrix doped with multi-walled Carbon Nanotubes (CNTs), creating multi-
functional conductive pathways throughout the composite volume. The embedded FBG sensors function
as a high-fidelity "nervous system,” continuously acquiring synchronized strain and temperature data un-
der simulated space conditions. This multidimensional dataset is processed by a DFF algorithm designed
to model the non-linear relationships between external loading and internal structural response. The Al
model is trained to perform pattern recognition for precise damage localization and to predict the optimal
thermal activation parameters required for the self-healing cycle. Upon surpassing a predefined damage
threshold, the system triggers localized resistive heating through the Joule effect. This targeted thermal
stimulus activates the dynamic covalent bonds within the vitrimeric matrix, allowing for the autonomous
sealing of micro-cracks and restoration of the cross-linked network. Comprehensive laboratory simula-
tions and Multi-Input Single-Output (MISO) electromechanical impedance analyses demonstrate that
the integrated AI model identifies structural anomalies with 94% accuracy. Experimental results indicate
a recovery of up to 85% in post-impact mechanical strength following autonomous thermal activation.
Furthermore, the dual-role of the CNT network for both piezoresistive sensing and resistive actuation
enables a 30% reduction in overall structural mass compared to traditional redundant protection systems.
By facilitating human-independent, in-situ repair, this study provides a scalable and sustainable solution
for long-duration lunar and Martian habitats, directly aligning with the ”The World Needs More Space”
theme of IAC 2026 by fostering resilient extraterrestrial infrastructure.



