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Available online 21 November 2016 FE formulations are proposed. The latter is needed for area-incompressible material

behavior, where penalty-type regularizations can lead to misleading results. In order to
obtain quasi-static solutions for liquid shells devoid of shear stiffness, several numerical

Keywords:

Cell budding stabilization schemes are proposed based on adding stiffness, adding viscosity or using
Cell tethering projection. Several numerical examples are considered in order to illustrate the accuracy
Helfrich energy and the capabilities of the proposed formulation, and to compare the different stabilization
Isogeometric analysis schemes. The presented formulation is capable of simulating non-trivial surface shapes
Non-linear finite elements associated with tube formation and protein-induced budding of lipid bilayers. In the latter

Non-linear shell theory case, the presented formulation yields non-axisymmetric solutions, which have not been

observed in previous simulations. It is shown that those non-axisymmetric shapes are
preferred over axisymmetric ones.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Biological membranes form the boundaries of cells and cell-internal organelles such as the endoplasmic reticulum, the
Golgi complex, mitochondria and endosomes. Mechanically they are liquid shells that exhibit fluid-like behavior in-plane
and solid-like behavior out-of-plane. They mainly consist of self-assembled lipid bilayers and proteins. At the macroscopic
level, these membranes exist in different shapes such as invaginations, buds and cylindrical tubes [69,58,41,56]. These
shapes arise as a result of the lateral loading due to cytoskeletal filaments and protein-driven spontaneous curvature. Cell
membranes undergo many morphological and topological shape transitions to enable important biological processes such as
endocytosis [9,35,43], cell motility [30] and vesicle formation [21,8]. The shape transitions occur as a result of lateral loading
on the membranes from cytoskeletal filaments, such as actin, from osmotic pressure gradients across the membrane, or from
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