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Digital twins have gained popularity in academia and industry for their ability to accurately simulate the nominal behavior

of a complex system and update the simulation based on real-time monitoring data. Existing digital twins mainly focus on

nominal behavior simulation but very seldomly considered failure behavior. In practice, simulating the failure behavior of

complex engineering systems is of great importance for reliability modeling and maintenance planning. In this paper, we

propose a new framework for digital twin modeling that can consider failure behaviors resulting from multiple dependent

failure processes. The framework takes a hierarchical modeling approach: On the lower level, we model the failure

behavior of each component through a stochastic hybrid system (SHS) model: The continuous degradation dynamics are

represented by stochastic differential equations, while discrete transitions capture abrupt failure events and their

interactions. Then, the failure behavior of each component is integrated into a system digital twin model, to analyze the

system failure behavior due to the multiple dependent failure processes on the component-level. The proposed SHS

model enables unified representation of both stochastic degradation evolution and sudden failure shocks within a single

analytical framework. A numerical example of a robotic arm illustrates how the proposed approach can capture complex

dependencies among failure modes and provide more accurate reliability estimates compared to traditional statistical

models, where the impacts of motor-level failures like wear, aging of insulation, electrical performance degradation on the

robot failure behavior is modeled and analyzed through the developed framework. The SHS-based model is calibrated

using simulated degradation data and integrated with a digital twin of the robotic motor to form a digital failure twin

(DFT).
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