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ABSTRACT

Motivated by the abundance and manifoldness of slender fibrous species (e.g. collagen, DNA,
cellulose) in biological nano- and micro-scale systems, we propose novel numerical methods to
model different kinds of molecular interactions between such fibers. Due to the focus on macro-
scopic applications, most existing methods consider fiber interactions in form of mechanical
contact, interpreted as a non-penetration constraint. On the scale of nano- and micrometers,
however, other molecular interactions such as electrostatics or van der Waals adhesion are no
less crucial for the system behavior. Therefore, the development of accurate as well as efficient
methods is of utmost importance to enable the simulation of the large and complex assemblies,
e.g., networks, bundles or membranes, that fibers typically form in biological systems. To give
but one example, recent experiments with single collagen fibrils suggest that molecular interac-
tions between their constituting parts, which are again fiber-like collagen molecules, contribute
significantly to the overall mechanical response and might be exploited as a mechanism to tune
their structural stiffness [1]. The development of a computational model for collagen fibrils in
order to foster the in-depth understanding of their self-assembly and mechanics is one of the
biophysical applications we are currently pursuing in interdisciplinary collaborations.

Our approaches are based on the first principles of molecular interactions, which are formulated
as point pairwise interaction potentials and typically follow a power law in the separation of the
point-like, fundamental interaction partners, e. g., molecules or point charges. Understanding
two deformable 3D bodies as continua composed of these fundamental interaction partners, the
total interaction potential requires the numerical evaluation of two nested 3D, i. e., a 6D integral
over the contributions of all individual point pairs [2]. Unfortunately, these high-dimensional
integrals come at a tremendous computational cost, which renders this direct approach unfeasible
if large fiber systems are considered. In our approach we instead propose to fully exploit the
slenderness of the fibers by employing a mechanical description as 1D Cosserat continua based
on the so-called geometrically exact beam theory. In terms of the sought-after fiber-to-fiber
interaction potential, this results in our novel, so-called section-to-section interaction potential
(SIP) approach, where the contributions of all pairs of beam cross-sections are cumulated in two
nested 1D integrals along the centerline curves of both interacting fibers [3]. In this way, the need
for numerical integration is reduced from 6D to 2D, which (in our considered examples) saves a
factor of 104 – 106 of integration point evaluations. The SIP approach, which has exemplarily
been derived for the cases of Coulombic, van der Waals and repulsive steric interactions, thus
yields a significant gain in efficiency, which only enables the simulation of relevant time and
length scales in the applications described above.
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