Predicting polymer network elasticity from defect
densities via network topology
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Linear elasticity is a cornerstone property of polymeric materials and character-
izes the response of the material to small strains. In addition, linear elasticity
has been linked to nonlinear mechanics, or the fracture and flow behavior. While
linear elasticity is well understood in the case of ideal polymer networks, real
networks include deviations from an ideal structure, referred to as network de-
fects. Several models have been proposed to understand and predict the elas-
ticity of polymer networks incorporating various types of defects, but no unified
picture has emerged yet to link the microscopic structure of polymer networks to
their macroscopic elasticity. We propose here a framework to predict the shear
modulus of polymer networks based on a probabilistic description of their topol-
ogy. We propose that two key parameters, the distribution of the functionality
of the cross-links and the distribution of the length of the strands between the
cross-links, govern the macroscopic elasticity. Unlike previous approaches, which
directly model the elastic behavior of individual defects, our framework involves
two steps. First, we show how to calculate the distributions of cross-link func-
tionality and strand length based on the proportions of individual defects; then,
we show how the macroscopic elasticity can be calculated based on these distri-
butions. We validate our approach by successfully predicting the shear modulus
of systems published in the literature and custom-built networks that were not
accurately described by previous models (panels A-C). Our results shed light on
the importance of the distribution of strand length and highlight the relevance
of a higher-level description of the topology of polymer networks. This suggests
that similar principles could be adapted to describe other mechanical properties.
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