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Despite their extreme stretchability, soft polymer networks often fail in a brittle, flaw-sensitive
manner. Classical fracture theories attribute toughness to bond scission along the crack
plane, yet experiments report fracture energies orders of magnitude larger, with damage
zones spanning hundreds of microns, clear evidence that fracture involves a spatially
extended process zone governed by collective network behavior.
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Using a discrete mesoscale network model, we show that network architecture controls
damage distribution through collective mechanisms that cannot be reduced to single-chain
physics. The model reveals that force redistribution following local bond scission engages
surrounding strands cooperatively, giving rise to emergent damage delocalization across
polydisperse and double-network architectures. Non-affine deformation amplifies these
effects: kinematic heterogeneity concentrates force on short sacrificial strands while long
strands transmit load non-affinely over extended regions, producing large process zones
and high toughness. Extending to dynamic networks, we show that chain relaxation and
loading rate introduce a second control axis: limited relaxation at high rates amplifies
collective force buildup and enlarges the process zone, while slow rates recover
architecture-dominated behavior. Together, these results establish that toughness is co-
governed by network architecture and relaxation dynamics, a mechanistic framework linking
molecular network design to macroscopic fracture resistance
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