
VU Research Portal

Nonlinear Mechanics of Fibrous Networks

Licup, A.J.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Licup, A. J. (2016). Nonlinear Mechanics of Fibrous Networks. [, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/684901f7-419a-4a33-a422-509f961eb48b


Summary

This thesis is about the nonlinear mechanics of fibrous networks, focusing on the theo-

retical modeling framework on the elasticity of these materials. A significant part is also

dedicated to an extensive discussion on the comparison between our predictions with ex-

perimental results, thanks to a productive collaboration with experiments at the Weitz

group at Harvard, the Koenderink group at AMOLF, and the Janmey lab at UPenn.

Living organisms are made up of cells, and these cells are held together by a matrix to as-

semble into various tissues and organs. Tissues and cells are often subjected to external

forces and stress from various physiological processes, and it is in this context that the

nonlinear mechanics of fibrous networks finds significance. The overall healthy function-

ing of tissues require the mechanical and biochemical support provided by underlying

fibrous networks, namely: the cytoskeleton within the cells and the extracellular matrix

that surround most types of cells. These networks are formed as an intricate mesh of

long chain protein molecules known as biopolymers, and are the principal determinant

of the elasticity and mechanical stability of both cells and tissues. The interaction of

cells with the surrounding matrix is a complex interplay between biochemical and me-

chanical signals induced by physiological processes such as cell growth and proliferation

or the flow of blood through the arteries, to name a few. The mechanical aspect of

such interactions induces different types of deformations to these networks, and the way

in which they respond to those deformations is not well understood. What is known

is that these systems possess unique mechanical properties which cannot be accounted

for by classic rubber elasticity theory. Understanding network mechanics is therefore

of particular importance in designing artificial tissues for regenerative medicine and to

gain more insight into their role in fibrosis and certain diseases such as cancer.

On the scale of individual fibers, biopolymers are semiflexible, which means that they

are able to resist the natural tendency of microscopic fibers to bend and crumple into a

random coil as a result of thermal fluctuations. In addition to bending resistance, certain

types of biopolymers also resist stretching forces. This is especially true for collagen

fibers, a major component of the extracellular matrix and is widely known as the protein

responsible for keeping our skin firm as well as maintaining the strength of cartilage in

our joints. Semiflexible biopolymers form network assemblies by means of cross-linked or

branched structures, leading to collective mechanical properties. Moreover, the network

structure plays an important role in the overall mechanical stability, giving rise to rich

linear and nonlinear mechanics of fibrous networks.
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The study of fibrous network mechanics is often aimed to shed light on the origins of the

unique response of biopolymer networks to a wide variety and range of deformations. A

common approach in the literature is to perform rheology experiments of in vitro recon-

stituted biopolymer gels. Typically, about one-tenth of the volume of these gels consist

of network material uniformly distributed throughout a solvent that consists mostly of

water. The gel is then deformed via slow rotational oscillations in a rheometer, allowing

the measurement of its elastic response in terms of shear stress and shear modulus. In

this thesis, the theoretical approach is inspired by this experimental methodology. Moti-

vated by networks of collagen, we limit our study on low-connectivity athermal networks

of semiflexible fibers. Comparing our theoretical predictions with experiments by our

partner research groups have allowed us to elucidate certain specific nonlinear aspects

of network mechanics.

In chapter 2, we outlined the modeling framework used throughout the thesis. The four

independent parameters are network architecture, the bending rigidity of the constituent

fibers, local connectivity, and of course the applied deformation. We investigated the

general features of linear and nonlinear elasticity of these networks. We have shown

that despite the obvious structural differences of latice-based and random networks, the

generic features of the elastic response are remarkably insensitive to network architecture

and even dimensionality, provided they have the same connectivity. The main result

points to the existence of a master curve described by a single equation that depends

only on fiber rigidity, local connectivity, and the applied deformation.

In chapter 3, we uncovered a simple and general theoretical mechanism that not only

explains the qualitative origins of stiffening in collagenous matrices, but also quantita-

tively accounts for the standard exponential stress-strain relation widely used as a model

for tissue mechanics. This mechanism shows how the network stiffness is controlled by

the applied stress in a way reminiscent of the dependence of magnetization on the ap-

plied field in a paramagnetic system. Our model points to the important role of normal

stresses in the nonlinear shear response, a direct consequence of the volume-preserving

nature of shear deformation as observed in both our simulations and experiments. More-

over, we have shown that the model generalizes to any volume-preserving deformation,

suggesting its validity to extension experiments performed on whole tissues. Not only

does our model shed light on the origins of collagen mechanics, but it opens up the

possibility for the design principles of synthetic fiber networks to mimic collagen and

other extracellular matrices for tissue engineering, as well as providing a mechanism for

controlling the mechanics of such networks.

In chapter 4, we investigated the elasticity of fibrous networks subjected to shear de-

formation and bulk expansion. We have shown that the nonlinear mechanics of these
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networks can be understood quantitatively in terms of deformation or strain-driven

critical phenomena associated with a line of second-order phase transitions, when the

network is sub-isostatic, i.e., the average connectivity is below the point of marginal sta-

bility predicted by Maxwell. Here and together with the main conclusion of chapter 3,

we learned that both applied stress and deformation, can drive the nonlinear stiffening

of these networks. However, a sub-isostatic cannot sustain finite stress. The criticality

observed here is therefore most naturally studied as a function of strain. Even though

introducing fiber bending can stabilize the floppy regime, such interactions merely sup-

press the criticality. By using a careful analogy with paramagnetic phase transitions,

we found the equation hinted in chapter 2, for which experiments on collagen matrices

over a wide range of protein concentrations and strains up to the point of sample failure

are found to be consistent with our predictions, including the critical exponents.

In chapter 5, we further explored the stabilizing effect of applied stress on unstable

sub-isostatic fibrous networks. We have shown that prestress specifically invoking fiber

stretching modes can give rise to a stable linear regime in a way that suggests a system

which is infinitely susceptible to the applied stress. We propose a stiffening relation

that captures the mechanics of stress-stabilized networks in the floppy regime, which

predicts that networks closer to the Maxwell point of marginal stability become highly

susceptible to applied stress.

In Chapter 6, we presented rheological experiments from the Janmey group, which pro-

vide a way to mechanically characterize collagen and fibrin networks under multiaxial

deformations. Such deformations mimic typical strains under physiological conditions,

and their characterization is directly relevant to the theoretical models that form the

focus of this thesis. The axial strain response of these systems are found to be highly

asymmetric: they exhibit strong shear hardening under extension and weak shear soft-

ening under compression. These features are consistent with the predictions from our

model and stiffening mechanism. Furthermore, these biopolymer networks are systems

in which the Young’s modulus is not coupled to the shear modulus, a clear violation of

continuum elasticity theory.
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