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ABSTRACT

This thesis focuses on the mathematical modelling of soft and active solid
matter using continuum mechanics. An elastic body is said to be soft if it can
undergo large deformations; it is said to posses an active behaviour when it can
rearrange its micro-structure in presence of external stimuli, not necessarily of
mechanical nature. Examples of active processes are biological growth or the
contraction of dielectric elastomers provoked by an electromagnetic field.

The research activities undertaken concerned both analytical and numerical
tasks to solve some physical problems in this field. In particular, we focused
on:

the constitutive theory of soft materials with initial stresses,
the mathematical modelling of active phenomena in biological matter,
the formation of patterns in soft solids due to a mechanical instability.

The thesis is organized as follows. In Chapter 1, we briefly expose some
basic notions of non-linear elasticity. We review the fundamental literature on
the mathematical modelling of biological growth and muscle contraction, and
on an emerging field in mechanics, called morpho—elasticity.

In Chapter 2, we investigate the mathematical description of elastic bodies
possessing a non-vanishing distribution of initial stress, i.e. the Cauchy stress
in the undeformed reference configuration. We provide new mathematical and
physical interpretations of the required constitutive restrictions, proving the ex-
istence of energy minimizers in the framework of the theory of initially stressed
materials.

In Chapter 3, we propose new mathematical models of active processes in
soft biological matter, particularly focusing on tumour growth and muscular
contraction. We show that it is not possible to recover the experimental stress-
stretch curve corresponding to a uniaxial deformation of a skeletal muscle us-
ing the active strain method, based on a multiplicative decomposition of the
deformation gradient. Instead, we propose an alternative model based on a
mixture approach, called mixture active strain. Moreover, we show that solid
tumours behave as growing poroelastic materials, where the growth is modu-
lated by a chemo-mechanical feedback. The results of our model are in very
good agreement with both in-vitro and ex-vivo experimental data.

In Chapter 4, we model morpho-elastic phenomena in both living and inert
soft matter. First, we investigate the mechanics of tumour capillaries, showing
that the incompatible axial growth of the straight vessel can trigger an elastic in-
stability, generating a tortuous shape. Second, we study how residual stresses
can induce mechanical instabilities in soft spheres, e.g. in growing tumour



vi

| ABSTRACT

masses. Considering several spatial distributions of the residual stress field, we
prove that different topological transitions occur in the sphere where the hoop
residual stress reaches its maximum compressive value. Third, we show that
gravity bulk force can cause an elastic instability in soft elastic bilayers. We
show that the non-linear elastic effects saturate the dynamic instability of the
bifurcated solutions that characterize fluid-like matter, displaying a rich mor-
phological diagram where both digitations and stable wrinkling can emerge.

Finally, the results of this thesis prove how the combination of nonlinearities
and nonconvexity in elastic mixed boundary value problems may emerge as
complex physical phenomena, whose understanding requires the development
of novel mathematical tools (Chapter 5).
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INTRODUCTION

This thesis deals with the mathematical modelling of soft and active solid
bodies using continuum mechanics. An elastic material is said to be soft if
it can undergo very large deformations. Furthermore, a material is said to
possess an active behaviour if it can rearrange its micro-structure in response
to non-mechanical stimuli.

The mathematical modelling of soft and active materials poses several open
challenges. First, soft solids may be subjected to large deformations, thus the
constitutive laws should take into account both physical and geometrical non-
linearities. Moreover, active materials are open thermo-dynamical systems that
generally operate in out-of-equilibrium conditions, driven by the micro-scale
flux of multiphysics energies, e.g. of chemical or electrical origin, that are
transformed into mechanical energy.

This work is motivated by the increasing interest in developing accurate mod-
els of soft and active materials for engineering applications, such as the design
of new metamaterials using additive manufacturing. It also responds to a basic
science interest for providing a mathematical understanding of some processes
in developmental biology, such as the emergence of shape and the generation
of active stresses in living matter.

In the following, we summarize the basic mathematical notions characteriz-
ing the theoretical background of this thesis.

1.1 BASIC NOTIONS OF NON-LINEAR ELASTICITY

In this Section, we collect some basic notions of non-linear elasticity. After
introducing the kinematic description of the main balance laws, we focus on
the mathematical well-posedness of constitutive models in hyperelasticity.

1.1.1  Kinematics and balance equations

We denote by L£(IR") the set of all the automorphisms of R”, and by £ (R")
the group (with respect to the operation of function composition) of all the
linear applications belonging to £(IR") with positive determinant.

Let O(R") be the group such that

QA'Q=1 vQe L(R")

where | is the identity.
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We indicate with O (R") C O(R") the group of all the elements of O(RR")
with positive determinant; if n = 3, this group coincides with the set of the
rigid rotations. We also introduce the set S(IR") of all the symmetric linear
applications belonging to L(IR").

Denoting by E? the three-dimensional Euclidean space, we call reference con-
figuration of the body a regular subset (g of IE>.

Let X € ()9 be the Lagrangian or Material coordinate of a point. The motion is
described by the vector field ¢, called deformation:

@: 0y — R

We indicate with Q := ¢(Q) the deformed configuration of the body. Let
x(t) = @(X, t) be the Eulerian or spatial coordinate of the point X. We indicate
with F = Grad ¢ the deformation gradient. We assume that | = detF > 0, so that
F(X) € LT(R3).
The vector
u(X) =(X) - X

is the displacement of a point X € (), so that F = | + Grad u, where | is the
identity matrix. We consider bodies with a continuous distribution of mass.
Let p be the density field, imposing the conservation of mass for each subset of
(), we obtain

pJ = po
where py is the mass density in the reference configuration.

The following Cauchy postulate allows to model the internal forces exchanged
within the body Cauchy postulate:

Axiom 1.1.1. If S C Q) is a surface with normal n, there exists a vector field
t(x, S)

representing the density of force per unit area exerted through S by a material from one
side of S to the other.

This assumption states that the internal forces act like a flux through S. We
can now state the conservation of linear momentum in Eulerian form. Its ex-
pression in the quasi static case reads

/Ppbdx—l—/aPtds:O, (1.1)

where b is the density of external force per unit mass and P is a regular subset of
(). We now illustrate the Cauchy theorem, a milestone of continuum mechanics
[102].

Theorem 1.1.1 (Cauchy stress theorem). For each x € Q) the vector field t(x, n) is
linear in n; in other words, there is a tensor field T, called Cauchy stress tensor, such
that

Tn=1t.
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Moreover T is symmetric if and only if the conservation of angular moment holds, i.e.:

/prxbdx—}—/anxtds:O. (1.2)

Applying the Cauchy stress theorem and the divergence theorem, it follows
that

pb+divT =0, (1.3)

which gives the balance of linear momentum.
For an elastic body; it is assumed that the Cauchy stress tensor depends on
the deformation gradient, i.e.

T = T(X, F(X)).

The Cauchy stress tensor describes the contact force per unit area in the
deformed configuration. Its counterpart in the reference configuration is the
first Piola-Kirchhoff stress tensor P, defined as the Piola transformation of T, i.e.

P=JFIT. (1.4)

Setting now B = |b, we can state the Lagrangian form of the equation of
equilibrium:
Div P + poB = 0.

Finally, we impose Dirichlet boundary conditions on a part of the boundary,
enforcing the displacement on a subset I'j, and Neumann boundary conditions
on the remaining part, describing the force applied on a subset I';, leading to
the following mixed boundary value problem

DivP + poB =0, in O
u = uy, on I’y
PTN = S0, on I'y

IhyNI'y =@, TouTl'y = 90).

which represents a general form of a boundary value problem in nonlinear
elasticity.

1.1.2 Constitutive laws in hyperelasticity

A material is said to be perfectly elastic if it does not produce entropy when
deformed [209, 113]. Thus the internal dissipation is zero during any admissi-
ble motion and the second law of thermodynamics degenerates into an equality.
Such a material is said to be hyperelastic if there exists a free energy density 1,
also known as strain energy density, depending only on the deformation gradi-
ent.

3
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Exploiting the Clausius-Duhem form of the second law of thermodynamics,
it is possible to prove that the constitutive equation for a hyperelastic material

reads:
p= p -
oF 7 OF;
where 1 may depend on the material position X if the body is inhomogeneous.

One of the first soft material that has been extensively studied is rubber. In-
deed, from the pioneering work of Treloar [208] it was clear that the theory of
linear elasticity is not appropriate to model rubbery materials, in particular in
the regime of large deformations (see Fig. 1.1). Rubber can indeed maintain an
elastic behaviour even when subjected to extension of over 400% with respect
to the initial length.

To reproduce experimental results of the finite deformation of soft tissues it is
necessary to exploit nonlinear constitutive relations [209]. The dependence of ¢
on F can be restricted making use of the constitutive restrictions of continuum
mechanics. Indeed, the energy must be independent of the position of the
reference frame, leading to the frame indifference axiom, stating that

w(F) = »(QF)  VF € LT(R?) and VQ € OF(R).

A direct consequence of this assumption, together with the polar decomposition
theorem, is that a strain energy function is frame indifferent if and only if

p(F) =$(C),

STRESS-STRAIN DATA FOR VULCANISED
RUBBER UNDER VARIOUS TYPES OF
DEFORMATION.

By L. K. G. TRELOAR.

Received 14th October, 1043.
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where C = FTF is the right Cauchy-Green tensor.

Moreover, ¢ should also satisfy the so called non-degeneracy axiom in order to
avoid the possibility to infinitely deform the material with a finite amount of
energy:

¢(F) — 400 when detF — 0"
$(F) — +oo when |F| + ‘F‘l‘ S 4o

where |F| = /tr(FTF). It is possible to prove that, if a material response is
isotropic (i.e. ¥(F) = ¥ (FQ) for all Q € OT(IR?)), then the strain energy density
can be expressed as a function of the principal invariants of the right Cauchy-
Green tensor C [180], namely

Y =9I, L, ),

where

2 _ 2
L=trC, L= (trC)ztrCI I3 = detC.

If the material is incompressible, i.e. detF = 1, a simple non-linear elastic

model is given by
#(F) = Cio(hh —3) + Coa (L2 — 3),

which is the so called Mooney-Rivlin [144, 180] strain energy, where Cyg and
Co1 are two material parameters, so that

Cio + Cor
2

is the shear modulus. With the assumption Cy; = 0, we obtain the neo-
Hookean model [144, 206, 207].

1.1.3 Well posedness of the non-linear elastic problem

The mathematical well-posedness of the nonlinear elastic problem has been
extensively studied since the second half of the past century. While the exis-
tence [85, 114] and the uniqueness [123] of the solution of the mixed boundary
value problem of linear elastostatics can be proved exploiting the convexity of
the strain energy, the non-linear problem is much more complicated.

Let us introduce the strain energy functional, defined as

Elgl = | ¥(Gradg)dX,

0

let W/g] be the total work of the external forces, defined as

W[(p]:/Q poB-(de+/r So - @dS
0 J 11

5
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so, the total mechanical energy of the body is given by the functional

The convexity of the strain energy density would imply the existence of elas-
tic minimizers due to the weak lower semicontinuity (WLSC) of the energy
functional F with respect to the weak convergence in W7 (Q, R3) [81] with
1 < p < oo, where WY?(U, V) denotes the Sobolev space of all the functions

f:u—=V UCR',VCR

such that there exists the first weak derivative and both the function and the
first weak derivative belong to the Lesbegue space LP (U, V).

If a functional is WLSC, we can apply the direct method of calculus of vari-
ations, ensuring the existence of a minimizer of the functional [81]. Indeed,
all the critical points of a functional must satisfy the Euler-Lagrange equation
which, in the case of the energy functional F, coincides with the equation of
motion.

However, the main issue is the lack of convexity of the strain energy £. In-
deed, convexity is incompatible with the constitutive assumption of continuum
mechanics, such as frame-indifference and non-degeneracy of the strain energy
[61, 54]. Thus, different conditions, weaker than convexity, should be consid-
ered to exploit the direct method of calculus of variations for proving the exis-
tence of energy minimizers.

A physically motivated requirement is the so called Legendre-Hadamard con-
dition, or strong ellipticity, stating that

Py(F)

oFoF

The Legendre-Hadamard condition with a strict inequality implies that body

waves can propagate in an elastic medium with a real velocity. An equivalent
property is the so called rank-1 convexity, stating that the function f

f(t) =y¢p(F+ta®b)

is convex for all a, b € R® with |a| = |b| = 1. However, even if it is a physically
motivated requirement, strong ellipticity does not ensure the WLSC of £.

In 1952, Morrey [147] introduced the more restrictive conditions of quasi-
convexity, strictly linked to the WLSC of the energy functional.

(a®@b)-a®b >0, Va, b € R, |a| = |b| = 1.

Definition 1.1.1. Let ¥ : LT (R®) — R be a continuous function. The strain energy
density 1 is quasi-convex if, for all F € LT (R®) and for all the functions { €
C3(Qo, R3) the following inequality holds:

. #(F+ Grad (X)) ax = [Quoly(F)

0

where C} (U, V) indicates the set of all functions f : U — V with compact support and
that are differentiable with a continuous first derivative and |Q)| denotes the Lebesgue
measure of ()g.
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Quasi-convexity is a non-local condition that rarely provides an operative
rule for constitutive modelling.

It is possible to prove that all convex function ¢ are also quasi-convex. Most
importantly, if an energy functional is weakly lower semicontinuous, then the
strain energy density is quasi-convex. The converse of the previous theorem is
also true: Acerbi and Fusco proved that if the strain energy density is quasi-
convex and satisfies some growth condition, £[g] is WLSC with respect to the
weak convergence in WP (Qp, R?) [1]. Moreover, quasi-convexity implies the
Legendre-Hadamard condition, so that quasi-convexity is a stricter condition
than rank-1 convexity. However, even if the quasi-convexity is a very important
property, it is very hard to prove that a function possesses this feature.

A more restrictive property (but easier to prove) is polyconvexity:

Definition 1.1.2. A strain energy density (F) is said polyconvex if there exists a
convex function h : RY — R such that

¢ (F) = h(F, CofF, detF),
forall F € LT(R3).

Polyconvexity is a more restrictive condition than quasi-convexity. Indeed, if
1 is a finite polyconvex function, then it is also quasi-convex.

The existence of solutions of the non-linear elastic problem for polyconvex
strain energy functional has been proven by Ball [23] under some regularity
assumptions on the strain energy and on the reference domain. It is reported
here in the following Theorem.

Theorem 1.1.2. Let Qg C RR® be a connected, bounded and open subset with a reqular
boundary and let ¢ : Qg x LT (R3) — R be a strain energy density such that:

(i) (polyconvexity) There exists a Carathéodory function g : Qo x R such that
Q(X, -) is convex and such that

P(X, F) = g(X, F, CofF, detF), VF € £LT(R3).

(ii) (continuity at the infinity) if F, — F, C;, — Cand 6, — 0T, then

lim g(X, Fr, Cp, (Sh) = 400

h—o0
(iii) (coercivity) there exista >0, € R, p>2,q > p/(p —1), r > 1 such that:

g(X,F,C, 0 >a(FP+|ClT+d)+p  VF, Ce L(R?),s>0.

We assume that there exist two disjointed subsets T'g, 'y such that 00y = T'o UT'1 and
such that |To| > 0. Let f : Qp — R3 and sq : T1 — R3 measurable such that the
application

W[(p]:/ﬂf-(pdx+/r s0-@dS
. 0 1

7



is continuous on WP (Q, R®). Finally let ¢, : Ty — R> be a measurable function
and such that the set

u= {(p € Wl'p(QO, IRB) | CofGrade € L7, detGrade € L',

detGrad¢ > 0 a.e. in O, ¢ = @, on FO}. (1.5)

is non-empty.
Then, defining the functional F : U — RU {400} as

and assuming that inf F ] < +oo, there exists

r(;g{ll Flol.

In summary, the existence of a solution for a non-linear elastic problems can
be proved by introducing a different condition than the convexity of its strain
energy. The uniqueness of the solution for a non-linear elastic problem will
depend on the combination of both geometrical and constitutive non-linearities.
The conditions related to the lack of local uniqueness in non-linear elasticity
lead to identify the onset of material and structural instability, which are related
to a different topology at the admissible variation [99].

1.2 ACTIVE MATERIALS

Active media are open thermodynamical systems working in out of equilib-
rium conditions and subjected to multiphysical energy flux. For examples, in
sarcomeres, the functional units of muscles, the presence of both a chemical po-
tential due to Calcium ions and electrical stimuli, induces an active contraction
in muscles, converting chemical and electrical potential energies into mechani-
cal stress and heat.

The mathematical modelling of the active kinematics of these materials is
a rapidly developing research field that poses several challenges, since active
phenomena have a complex, multi-physical and non-linear nature. Active ma-
terials are found in both biological media, such as the muscle tissue [125] or
solid tumors [7], and inert matter, such as dielectric elastomers [163, 63] or
hydrogels[135, 27]. In all these cases, there is a dissipative consumption of the
non-mechanical energy involved in the process. Thus, contrarily to the the-
ory of hyperelasticity, an inequality should be considered in the second law of
thermodynamics. Many attempts have been performed to extend the classical
theory of non-linear elasticity in order to capture the active behaviour of active
materials.

In this thesis we focus on the mathematical modelling of two categories of
active processes in living matter: growth, and the active generation of stress.



1.2.1  Growth and remodelling

One of the possible outcomes of an active process is change of the macro-
scopic shape thanks to the microscopic rearrangement of matter [5]. Such a
reorganization of matter is called remodelling in absence of mass generation, it
is named growth otherwise [78, 95]. The local distortion of the material caused
by growth or remodelling may however lead to a geometrically incompatible
configuration with a non-Eucliedan metric. The restoration of compatibility
is possible through an elastic distortion of the local unstressed configuration.
This elastic process generates residual stress inside the body [109], defined as
the stress field present in a body in absence of external forces.

The response of residually stressed materials has been modelled exploiting
two main approaches. The first one is based on a multiplicative decomposition
of the deformation gradient into two contributions

F = FeG (1.6)

where G is the tensor field describing the inelastic change of shape induced
by the microstructural rearrangement of the matter while F. accounts for the
elastic deformation of the body [126, 128, 181]. The time evolution of the tensor
G should be in agreement with the second law of thermodynamics; an example
is provided by the following growth law [6]:

G = —K(E—Ep)

where K is a symmetric positive definite matrix, Eg is the target, or homeostatic,
stress, while E is the Eshelby stress tensor, defined as

E=y(F)—F'P".

Such a constitutive law is supported also by experimental evidence; in fact,
many growth processes are modulated by the stress of the medium. For exam-
ple Helmlinger et al. [106] studied the influence of stress exerted on a multi-
cellular tumour spheroid while Yamamoto et al. [216] investigated the effect of
mechanical stress on the growth of cultured collagen fascicles.

A different approach to model residual stresses is the so-called theory of
initially stressed materials, in which the strain energy density is assumed to
depend on both the deformation gradient and on the residual stress field ¥,
namely

¥ =y(F; X).
Both approaches are reviewed in Chapter 2 where we investigate the influence
of the constitutive assumptions on the existence of elastic minimizers.

1.2.2 Active strain versus active stress

Another interesting process is the active generation of mechanical stress,
where chemical or electrical energy is converted into mechanical stress as a
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result of a dissipative process. In this respect, important examples are muscle
tissue and dielectric elastomers.

The active strain approach[125] uses the multiplicative decomposition (1.6),
where G accounts for the local distortion caused by the active stress. Such an
approach is reviewed in Chapter 3.

A different approach considers an additive split for the active stress[9], so
that: 5

P= aillf + Pact,
and the Piola stress is given by the sum of an elastic and an active contribution.
The tensor P, should be constitutively provided by the means of an evolution
law which is usually a function of the deformation gradient and of the phys-
ical quantities underlying the active generation of stress (e.g. electrical field,
concentration of chemical reagents).

In Chapter 3 we study both active processes. First, we model the active
growth of a multicellular tumour spheroid, exploiting a chemo-mechanical
feedback law, we then critically review the active strain approach for the mod-
elling of muscle tissue, taking into account in vivo experimental results.

1.3 MORPHO—-ELASTICITY

As previously discussed, the convexity of the strain energy is mathematically
incompatible with the constitutive assumptions of non-linear elasticity. As a
result, the non-uniqueness of the solution of a non-linear elastic problem can
give rise to several morphological transitions that are governed by geometrical
and constitutive non-linearities.

Geometric non-linearities can trigger the loss of uniqueness also in linear
elastic problems, such as the buckling of a column subjected to an external
load (see Fig. 1.2). This problem was studied first by L. Euler. He proved that,
if the column is subjected to a load higher than 7, defined as

T2E]

Ter = T/

it will deviate from its straight configuration (here E is the Young modulus, I
is the inertia moment with respect to the axis of the column and L is the length
of the column).

In the theory of non-linear elasticity, geometrical and physical non-linearities
(i.e. non-linearities included in the constitutive stress-strain relations) are cou-
pled. The first one leads to the so-called structural instability, such as buckling,
the second one is related to material instability such as creasing, namely the
formation of sharp furrows at the free surface of a compressed elastic slab.

Methods of perturbation theory can be applied to study the stability of so-
lutions in finite elasticity. The basic approach to study structural instabilities



in non-linear elastic media is based on the theory of incremental deformations
superposed on a finite strain [29, 31, 124, 156]. Analogously to the method of lin-
earisation used to study the stability of a solution of a non-linear differential
equation, let uy be a displacement field solution of the elastic problem. We in-
dicate with () the actual configuration corresponding to the displacement field
up. A small displacement du, called incremental displacement field, is added to
ug, so that

u = uy+ ou.

If we assume that du is small with respect to the W1'°°(Q, IR3) norm, we can
linearise the non-linear elastic problem about the configuration (), considering
ou as the unknown of the incremental equations. A bifurcation occurs if the
linearised incremental problem admits a non null solution. Similar perturbation
techniques have been devolped also for viscoelastic solids by Dixit et al. [71].

One of the most classical examples is provided by the compression of a half-
space composed of a neo-Hookean material, first studied by M. Biot [30]. When
the body is compressed in a direction parallel to the free surface beyond a
critical value, the homogeneous solution becomes unstable. Even if this is one
of the first and apparently one of the most simple example of instability in a
non-linear elastic body, its behavior is still not completely understood and it is
still an open problem [112, 44, 56].

Elastic instabilities may be triggered not only by an applied stretch but also
by active phenomena. In fact, whenever such underlying transformations in-
troduce a geometrical incompatibility in the micro—structure, a state of internal

Fg 13.

A

Figure 1.2: Illustration of the Euler problem, taken from the original article of L. Euler
[80]
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stress arises in the material in order to accommodate these misfits. The accumu-
lation of such internal stresses beyond a critical threshold may drive the onset
of an elastic bifurcation.

Several models have successfully described many morphological transitions
in living and inert matter [26, 96, 62, 67]. The theoretical study of these mod-
els have led to the development of a new field, called morpho-elasticity. Its aim
is to describe how different shapes and patterns emerge as a result of active
processes and elastic instabilities in soft matter. This vibrant research field has
rapidly developed in the last decade, pushed by the technological availability of
experimental devices controlling the extreme deformations of soft incompress-
ible materials, such as hydrogels [202, 66, 122] and elastomers [218, 121].

1.4 OUTLINE OF THE THESIS

The thesis is divided into five chapters. In Chapter 2 we address the issue
of the existence of elastic minimizers in the framework of the theory of initially
stressed materials. In fact, in the modelling of soft and active solids, we usu-
ally exploit a reference configuration that does not coincide with the relaxed
one. We study the influence that the constitutive assumptions has on the well
posedness of the non-linear elastic problem and we investigate the mechanical
interpretation of these constitutive restrictions. We also analyse the influence
that some of these assumptions, such as the so called initial stress reference
independence, have on the mechanical properties of the materials.

In Chapter 3, we address the issue of modelling growth and active genera-
tion of stress in living matter. First, we mathematically describe the growth of
a solid tumours introducing a new growth law based on a chemo-mechanical
feedback. Our model is then compared with in vitro and ex vivo experimental
results. Second, we study the process of activation in muscles. The active strain
approach is reviewed, comparing the outcomes of this method with experimen-
tal results on the uniaxial traction of a skeletal muscle.

In Chapter 4, we study morpho—elastic processes and pattern formation in
soft matter. Indeed, topological transitions can appear as result of the accu-
mulation of mechanical stress due to the application of large strains or the
activation of the material. First, we propose a new model of the morphogenetic
mechanisms underlying the tortuosity of tumour capillaries. Second, we study
the stability of an initially stressed sphere. Finally, we investigate the elastic
equivalent of the Rayleigh-Taylor instability in fluids.

Finally, in Chapter 5, we summarize the main results of the thesis, together
with some concluding remarks.



ON THE EXISTENCE OF ELASTIC
MINIMIZERS FOR INITIALLY
STRESSED MATERIALS

In many cases, it is convenient to model active elastic bodies exploiting a
reference configuration which does not coincide with the relaxed one. More in
general, we call these media initially stressed bodies.

The stress field in the reference configuration X is called initial stress and
must satisfy the equilibrium equations. Initial stresses are commonly observed
in soft materials. The presence of external stimuli in active matter, e.g. an elec-
tric field in dielectric elastomers, generate a distortion of the microstructure of
the material that is made physically compatible by the emergence of an inter-
nal state of stress. In living matter, initial stresses are also known as residual
stresses [109, 118, 119, 120], and they result from incompatible growth processes
both in healthy and pathological conditions [198, 59]. Such residual stresses not
only may enhance the functionality and the efficiency of biological structures,
e.g. in arteries [53], but they may also be used to trigger a programmed shape
transition through a mechanical instability, forming complex patterns such as
the intestinal villi [57] or the brain sulci [24].

From a constitutive viewpoint, a well established approach to account for
initial stresses is based on the multiplicative decomposition of the deformation
gradient into an elastic deformation tensor and an incompatible tensor [28, 126,
128]. In Chapter 2, we review this approach reffering to it as the theory of elastic
distortions. This method was initially applied to provide a kinematic description
of crystal plasticity [174], and later adapted to describe active phenomena, such
as the muscle contraction [125, 200] and the volumetric growth [181].

The main assumption behind this theory is that the properties of the material
does not change during the material activation, only the spatial distribution of
matter is affected [78]. Indeed, the theory of elastic distortions is well suited to
model the remodelling and the volumetric growth of a body.

Assuming a material isomorphism for the strain energy function, the initial
stress is constitutively related to the elastic deformation tensor from the virtual
incompatible state. Since the tensor describing the inelastic distortion is not
necessarily the gradient of a deformation, it maps the unloaded configuration
into a virtual state that may not possess a Euclidean metric [120]. Accordingly,
the main drawback of this approach is that such a virtual state may not be
achieved in physical practice, not even by cutting procedures, and the tensor
describing the inelastic distortion must be assumed a priori in order to generate
a self-equilibrated state of initial stresses.

13
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A less restrictive mathematical framework accounts for initial stresses by for-
mulating implicit constitutive equations linking the Helmoltz free energy, the
initial stress and the kinematic quantities possibly mapping the evolving natu-
ral states of the materials [167]. For soft solids, this constitutive approach has
shown that there exists a far richer class of non-dissipative materials than the
class of bodies that is usually understood as being elastic [168].

As first discussed in [189], objectivity is enforced for an initially stressed
material made by an isotropic material by considering a dependence on the
ten invariants of the deformation gradient and the initial stress tensor. Under
the incompressibility constraint, it has been shown that only eight invariants
are independent [191]. This method has been widely used to model initially
stressed materials; applications of this theory include of wave propagation in
soft media [190, 157], the modeling residual stress in living tissues [212] and
the stability of residually stressed materials [60, 182, 179].

The main advantage of this approach is that the initial stress tensor ¥ be-
longs to the set of the divergence-free symmetric tensor fields satisfying the
boundary condition in the given reference configuration, whilst it is still un-
clear which physical restrictions must be imposed for the well-posedness of the
elastic problem. A basic constitutive restriction known as the initial stress com-
patibility condition (ISCC) imposes that the Cauchy stress reduces to the initial
stress when the deformation tensor is equal to the matrix identity [189, 97]. By
imposing ISCC and the polyconvexity of the resulting strain energy function in
the absence of initial stresses, few constitutive relations have been proposed. A
simple functional expression has been proposed in [139], containing material
parameters that also depend on the particular choice of the reference configura-
tion, as generally prescribed by [209]. A more restrictive constitutive class has
been proposed in [97], assuming that the material parameters do not change
under a change of reference configuration. This assumption has lead to define
a new condition. i.e. the initial stress reference independence (ISRI) [98], that
is inspired by the multiplicative decomposition approach.

These two methods are frequently used in the modelling of active soft matter.
However, the link between the existence of elastic minimizers and the constitu-
tive assumptions for initially stressed materials subjected to finite deformations
is still not fully investigated. As a common background for the topics of the
next Chapters, in Chapter 2, we review both the methods and we aim at clari-
fying some constitutive aspects of the mathematical theory of initially stressed
materials, unravelling the main implications of imposing the ISRI condition on
the existence of elastic minimizers.

The Chapter is organized as follows. In Section 2.1, we provide some basic
kinematic and constitutive notions for nonlinear elastic materials. In Section 2.2,
we introduce the main differences of the proposed mathematical framework for
initially stressed materials with respect to the theory of elastic distortions, dis-
cussing the mechanical signification of the ISCC and the ISRI conditions. In
Section 2.3, we prove the local existence of a relaxed state for each material
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point. In Section 2.4, we prove that the residual stresses provoke an elastic dis-
tortion on the transformation of the symmetry group. We also give en existence
theorem for the elastic minimizers for the proposed constitutive choice of the
initially stressed material. In Section 2.5, we use the proposed framework to
solve the physical problem of an elastic disc subjected to an anisotropic initial
stress. Finally, the results are summarized and critically discussed in the last
section.

The results of this chapter lead to the following publication:

D. Riccobelli, A. Agosti, and P. Ciarletta. On the existence of elastic minimiz-
ers for initially stressed materials. Philosophical Transactions of the Royal Society
A: Mathematical, Physical and Engineering Sciences, in press

2.1 BACKGROUND AND NOTATION

We denote by £(IR") the set of all the automorphisms of R”, and with £ (IR")
the group (with respect to the operation of function composition) of all the
linear applications belonging to £(IR") with positive determinant.

Let O(R") be the group such that

QIQ =1

where Q € £(IR") and | is the identity.

We indicate with O (R") C O(R") the group of all the elements of O(RR")
with positive determinant; if n = 3, this group coincides with the set of the
rigid rotations. We also introduce the set S(R") of all the symmetric linear
applications that belong to £L(IR").

Let the open set (g C IR? be the reference configuration of a body and X €
Q)p the material point. We denote the deformation field by ¢ € C?(Q)p, R?)that
maps the reference domain () to the actual configuration ().

Accordingly, the deformation gradient reads F = Gradeg. If the body is
made of a homogeneous elastic material, we assume a purely elastic constitu-
tive behavior such that the Cauchy stress tensor Ty depends on the deformation
gradient F.

We say that the body has a relaxed reference configuration if

To(l) =0, (2.1)

where Ty is the Cauchy stress and | is the identity tensor.

If the body is composed of a hyperelastic material, we denote its strain energy
density in a point X with (F(X)) : L7 (R3) — R. Whenever appropriate, we
omit the explicit dependence of the physical quantities on the material position
X. The first Piola-Kirchhoff and the Cauchy stress tensor are given by

W0 ey

Po(F) = 3¢ o(F) = err

FPo(F),

15
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Table 2.1: List of functional spaces

Symbol  Definition

L(R") Set of all the linear applications from R" to IR".
LT(R")  Setof all the L € £L(R") such that detL > 0.
O(R") Set of all the orthogonal tensors Q € L(IR"), namely all the Q
such that QTQ = I.
OT(R")  Setofall Q € O(R") such that detQ > 0.
S(R") Set of all the symmetric linear applications from R" to R”,
namely all the L € £(IR") such that LT =L
L (R")  Special unitary group, namely the subset of £*(RR") with de-
terminant 1.
D Denotes L1 (IR") for a compressible material, or £{(IR") for an
incompressible material.
Co%(U, V)  Set of all the continuous function from the set U C R”" to the
set V C RN,
CK(U, V)  Set of all the function from the set U C R" to the set V C RN
admitting continuous derivatives of order k.
LP(U, V)  Set of all the function from the set U C R" to the set V C RN
with finite L” norm.
WLP(U, V) Sobolev space of all the functions from the set U C R” to the
set V. C RN, where both the functions and their weak partial
derivatives belong to L¥ (U, V).

respectively.
In order to account for an incompressibility constraint, we introduce the fol-
lowing group:
L}(R%) ={Fe L"(R")| detF =4}.

Accordingly, the domain of the strain energy density  is given by £{ (R%),
where the argument is the special unitary group. However, it is convenient
to introduce an extension of i to all £L*(RR®) and then to use the method
of Lagrangian multiplier to enforce the incompressibility constraint. Let ¢ :
L*(R3) — R such that

Po(F) = yo(F)  VF € LT(RY), (2.2)
a possible extension is given by
Po(F) = yo((det F)~1/°F).
So, the first Piola—Kirchhoff and the Cauchy stress tensors are given by
o

) B
Po(F, p) = = = pF~ To(F, p) = FPo(F, p),
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where p is the Lagrangian multiplier. For the sake of simplicity, in the following
we will omit the distinction between ¢y and 1y wherever appropriate and we
denote by D either the group £ (IR%), if the material is unconstrained, or the
group L] (R?), if the material is incompressible.

We denote by

(tr C)2 — tr(C?)

L(C)=t(C),  L(C)= 5 , o B(C) =det(C),  (23)

the principal invariants of C, where C = FTF is the right Cauchy-Green strain
tensor.

We finally introduce a fundamental notion for the existence of minimizers in
nonlinear elastic materials, known as the non-degeneracy axiom [23]:

Axiom 2.1.1 (Non-degeneracy for a hyperelastic body). Let ¢ be a strain energy
density, we say that g is non-degenerate if

Po(F) — +oo  when detF — 0

IIUO(F) — —|—OO When ‘F‘ + ’F_l‘ N +OO (2.4)

where |F| = /tr(FTF).

The last condition of (2.4) indeed ensures that the hyperelastic energy goes
to infinity as soon as one of the principal invariants (2.3) goes to +oo. If the
material is incompressible, only the second equation of (2.4) applies. For the
ease of the readers, we collect all the symbols used to denote the functional
spaces in Table 2.1.

2.2 MATHEMATICAL FRAMEWORKS FOR INITIALLY STRESSED
MATERIALS

In this section, we summarize the basic features of two mathematical frame-
works used to model nonlinear elastic materials whose unloaded reference con-
figuration is not stress-free, namely the theory of elastic distortions and the
theory of initially stressed bodies.

2.2.1  The theory of elastic distortions

If the relation (2.1) does not hold, the material is subjected to a state of stress
in the reference configuration. A classical constitutive approach consists in as-
suming a multiplicative decomposition of the deformation gradient [181], such
that:

F = F.G. (2.5)

17
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‘o@

Figure 2.1: Clockwise representation of the reference, the actual and the relaxed config-
uration described by the multiplicative decomposition of the deformation
gradient given by (2.5).

where G is the tensor field that describes the elastic distortion from the reference
configuration to the relaxed one, whilst F. represents the elastic distortion that
restores the geometrical compatibility under the action of external tractions (as
depicted in Fig. 2.1). Since the underlying metric is not Euclidean whence G is
not a gradient of a deformation field, it may be impossible to attain a stress-free
configuration in the physical world. In the last decades, the distortion tensor G
has been advocated to model different biological processes, such as volumetric
growth [70], remodelling [79] and active strains [125, 200].

In physical practice, it is assumed the initial stress in the body is generated
by a distortion of the reference configuration. Consequently, the strain energy
function depends on the distorted metric, given by FG™1.

If the material is incompressible, this constraint is imposed on the elastic
tensor, whilst the distortion tensor also describes the local change of volume,
such that:

detFe=1 = detF=detG=20.

Accordingly, the strain energy density of the material is given by :

P (F) = (det G)yo(FG™1). (2.6)

From standard application of the second law of the thermodynamics in the
Clausius-Duhem form, the first Piola-Kirchhoff and Cauchy stress read

a‘/’o(;FGl), To(F) LFPU(X, F). (2.7)

Pe(F) = (detG) =

The theory of distortions provides a transparent explanation for the transfor-
mation law of the material properties. Let G be the material symmetry group
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of a hyperelastic material, it is defined as the set of all the tensors Q € £ (IR?)
such that
T(F)=T(FQ), VFeD; (2.8)

where the response function T may eventually depend on the local distortion
G.

An equivalent definition for a hyperelastic material can be given as the set of
all Q € £ (R®) such that

P(F) = ¢(FQ), VF € D.

If we exploit the theory of elastic distortions, let G be the material symmetry
group of the corresponding strain energy density . It has been shown that

[78:
e (F) = (det G)yo(F G‘l) =
= (detG)yo(FG'Q) =
= (detG)¢O(FG QGG =
= 9(FG'QG)

Thus, the material symmetry group of the initially stressed material is given by

vQ € Go (2.9)

Ge = G 1GoG.

Notably, G¢ is the conjugate group of Gy through G.

The main drawback of the theory of elastic distortions is that G has to be pro-
vided by means of a constitutive assumption. Nonetheless, since the underlying
metric may not be Euclidean, the values of its components cannot be directly
inferred in many physical problems. An experimental attempt to search for a
stress—free configuration consists in performing several (ideally infinite) cuts in
the body to release the local stresses stored inside the material [9, 198, 59, 53, 10].
Although successful in simple system models [25, 148, 57], this approach is un-
suitable when interested in investigating the effect of a generic state of initial
stress on the material response. In the following, we describe how this difficulty
can be circumvented by building a constitutive theory that explicitly depends
on the underlying spatial distribution of internal stresses.

2.2.2 The theory of initially stressed bodies

Alternatively, it can be assumed that the material response depends on both
the deformation applied on the body and on the initial stress, intended as
the existing stress field ¥ in the undeformed reference configuration, i.e. the
Cauchy stress when the body is undeformed. This assumption has been dis-
cussed in [118, 119, 120], such that the material response in a point X of the
body reads

= T(F; £(X)), (2.10)
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where T is the Cauchy stress. We remark that the initial stress tensor field
Y : 0y — S(RY)

generally depends on the material position vector X; we omit such an explicit
notation in the following for the sake of brevity wherever appropriate. We
denote by S € S(IR®) the specific expression of the initial stress in a point X,
namely S = X (X)) for a given X € ().

The function T : D x S(R?®) — S(IR®) must satisfy certain restrictions. First,
in the absence of initial stresses, the strain energy function must obey the stan-
dard requirements ensuring the existence of elastic minimizers in nonlinear
elasticity. Second, the constitutive response should be such that the Cauchy
stress is equal to the initial stress in the absence of any elastic deformations.
This is referred to as ISCC, i.e. initial stress compatibility condition, [189] and
reads:

T(;S)=S  VSeS(RY. (2.11)

A subclass of material responses in which the strain energy function depends
only on the elastic deformation and the initial stress, but not explicitly on the
choice of the reference configuration, has been proposed in [97, 98]. Under this
constitutive assumption, it is possible to introduce another restriction called
Initial Stress Reference Independence (ISRI), stating that

T(FoF; S) = T(Fy; T(F1; S)), VS € S(R%). (2.12)

In this work we give a new mechanical interpretation of such a restrictive
condition and we discuss its mathematical implications for the existence of
elastic minimizers. The condition (2.12) imposes that there is no energy dissi-
pation resulting from the elastic deformation and represents a frame invariance
requirement: the deformation field solution of the elastic problem must not
depend on the choice of the reference configuration [97, 98].

If the material is hyperelastic, we can assume that the strain energy function
reads [189]:

¥: LT(R?) x S(R®) — R. (2.13)

Recalling the values of the material parameters are assumed to be inde-
pendent on the choice of the initially stressed configuration, the first Piola—
Kirchhoff tensor P and the Cauchy stress tensor T read:

d
P(F; S) = aiﬁ(F; S),
1
T(F;S) = CletFFP(F; S),

Fe £LT(R?, SecS(R?. (2.14)

Under the incompressibility constraint, the strain energy density is a function
such that
¥ L] (R?) x S(R®) — R,
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as done in (2.2), we introduce an extension § of ¥ to all L7(R%) to define the
stress tensors, namely

$(F;S)=9¢(F;S)  VFe L (R%), VSeS(R; (2.15)
a possible extension is given by:
§(F; S) = ¢((detF)'/°F; S).

The Piola—Kirchhoff and the Cauchy stress tensors are given by

5 = W)t
P(F, piS) =3¢ (FS)—pF, L (R%), SeS(RY.
T(F, p; S) = FP(F, p; S),

For the sake of simplicity, we omit the difference between ¢ and i wherever
appropriate. For hyperelastic materials, we remind that (2.12) can be reformu-
lated as an equivalent condition to be imposed on the functional dependence
of the strain energy function [98]. We give further mathematical details of this
important result in the following, proving that the restriction imposed on the
strain energy density is a consequence of (2.12).

Proposition 2.2.1. Let ¢ : D x S(R®) — R be a strain energy density, and assume
that the ISCC (2.11) and the ISRI conditions (2.12) hold. Then, for all F1, Fo € D and
for all S € S(R3), the following relation must hold:

P(FaF1; S) = (detFy)yp(Fp; T(Fy; S)). (2.16)

Proof. For the sake of brevity, let i be the strain energy of a compressible mate-
rial (the incompressible case is analogous). The ISRI condition (2.12) reads
1 d 1 oY

P
———— FF =L (FoF; S) = F
detF; detF, > 1aF( 2F1; 5) detF, 29F,

(Fo; T(Fq; 9)). (2.17)
Since F = F;Fy, then, by using the chain rule, we obtain

9 _
oF,  'oF

and the equation (2.17) becomes

P B oY(FF Y, T(Fy; S))

aF (FZFl, S) = det F1 aF .
We find that (F2F1; S) = (detFp)y(Fy; T(Fy; S)) + C. Setting F; = | and
making use of (2.11) we find that C = 0 and we get the claim. O

In the next sections, we prove the local existence of a relaxed state around
each material point and a theorem on the existence of elastic minimizers for a
strain energy of the form given by (2.13).
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2.3 EXISTENCE OF A RELAXED STATE

In the theory of elastic distortions, we must provide a constitutive form for
the tensor field that we should apply locally to each point in the reference con-
figuration to obtain the (virtual) relaxed one [181]. This theoretical framework
has strong mathematical properties. Indeed, if ¢y is polyconvex, then also g
(defined in (2.6)) inherits such a property [150]. As discussed earlier, this ap-
proach is straightforward but only suitable in simple system models, since it
requires the a priori knowledge of the virtual relaxed state.

In this section we prove a theorem on the existence of relaxed configuration
using the constitutive framework of initially stressed bodies. Moreover, we
prove that, if a strain energy satisfy the ISRI (2.16) and ¢(-,0) is polyconvex,
then (-, S) is polyconvex for all S € S(R?).

First, we give the following statement of the non-degeneracy axiom for this
class of materials.

Axiom 2.3.1 (Non-degeneracy for an initially stressed body). Let 1 : £ (IR?) x
S(R3) — R be the strain energy density of an initially stressed body. We say that
is non-degenerate if

¢(F; S) — +oo when detF — 07,
. VS € S(R?). (2.18)
Y(F; S) — +oo  when |F|+ ’F_ ‘ — o0,

We now derive the existence of a point-like relaxed state associated to each
point of the initially stressed configuration. In [119], a stress-free virtual state is
defined for each material point in the initially stressed configuration by consid-
ering the limiting behavior as the radius of the spherical neighborhood tends
to zero. Its existence required the following hypotheses: ¥ € C!(Q, S(IR?)),
P = ¢(F; £(X)) being twice differentiable with respect to both arguments, and
the distortion from the neighborhood of each point to the free state to be once
differentiable in space. Here we are going to obtain a proof of existence of a
virtual state using weaker hypotheses.

Theorem 2.3.1 (Existence of a relaxed state). Let ¢ be a non-degenerate strain
energy density in the sense of (2.18). We also assume that (-,S) is at least C' and
proper, i.e. it is not identically equal to +oo, for all S € S(RR®).
Then, for each X € Q, given ¥(X) € S(IR?), there exists a local distortion Gy (x)
such that
T(Gx); T(X)) = 0.

Proof. Let ¢ be the strain energy of a compressible material.
We denote by f5(x) = ¥(+; Z(X)). The domain of the function fs x) is given
by D = L (IR?). Thus, from the non-degenericity axiom (2.3.1), we get

frx)(F) = +o when detF — 07 or |F| — +o0. (2.19)
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Since the function f5(x) is continuous and proper, it must be bounded from

below, hence there exists a value m € R such that fyx)(F) > m for all F.

Moreover, there exists a value M > m such that
fg(l)() ([m, M]N Im(f):(X))) =U#0Q, uc LT(RY). (2.20)

where with fz’(lX)(A) we denote the pre-image of the subset A C Im(f5(x))
through the function f5 (x).

The non-empty set U is bounded as a direct consequence of the coercivity
property expressed in (2.18). Thus, there exists a minimum of f5(x) in U, where
U is the closure of U.

The tensor that realizes such a minimum may be not unique as exposed in
the following Remark 2.3.1. Let us denote with Gy (x) one of them. Since (2.19)
holds, the tensors Gy x) cannot belong to the boundary of the set L (R®) and
it is a critical point for ¥(-; £(X)).

From (2.14), we get

T(Gy(x); (X)) =0. (2.21)

If the material is incompressible, following the same argument, there exists a
tensor Gy (x) such that

Gy(x) € argrginfz(x)(F)
€

where in this case D = L] (R?). We define a new function § such that
{1/3 (LT(R%) xR x S(R®) — R
$(F, p; ) = $(F; S) — p(detF —1)

where ¢ is an extension of ¢ as defined in (2.15).
Since Gy (x) is a minimum for ¢ in L] (R?), there exists a py(x) € R such that
(Gx(x), Px(x)) is a critical point for ¢ [76], so that

U oY _
%(GZ(X)z Ps(x)s X(X)) = %(GZ(X); (X)) - p)Z(X)Gz(Tx) =0,

and thus T(Gs(x), Px(x); Z(X)) = 0. This concludes the proof. O

Remark 2.3.1. Given an initial stress tensor, this Theorem implies that there exists a
tensor Gy (x) that locally maps the body to an unstressed state. Such a distortion is
not unique in general: if Q belongs to the material symmetry group of , then also
T(GZ(X)Q, Z(X)) =0.

Remark 2.3.2. The collection of local maps
G[Z](X) := Gy (x),

which transform each point of the reference configuration into a point in the local un-
stressed virtual state, satisfies G[X| € B(Qy, D), where B(Qy, D) denotes the set of
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all the bounded function f : Qg — D. Moreover, the tensor map G[X] may not be
geometrically compatible, i.e. there could not exist any differentiable vector field ¢g
such that Grad @ = G[X]. In this case, there does not exist a deformation that maps
the reference configuration of the residually stressed material into a relaxed one. In
fact, assuming that the reference configuration is simply connected, such a deformation
exists if and only if

rot G[X] = 0.

In the following, we call G[X] the relaxing map.

Remark 2.3.3. By simple application of the mean stress theorem [101], in the absence
of surface tractions and body forces we obtain

1

" Y dX
|QO| (O

:< X®(ZN)dS—/ X®DindX>:0
10| \Jaay o

so that the mean value of the initial stress tensor is zero. Thus, the Cartesian compo-
nents of the residual stress tensor are necessarily spatially inhomogeneous whenever
Y # 0 [110]. Accordingly, the functional form of the map G[X] is also inhomogeneous.
A homogeneous initial stress X can only exist if surface tractions or body forces are
applied.

Remark 2.3.4. Note that in the case in which ¥ has singular values over a set Seo C (g
we are requiring the hypothesis that (-; (X)) remains a proper function, i.e. it is not
identically equal to +oo, when X € Se. Due to the continuity of (-,S), this ensures
that G[X](X) is bounded when X € Se, as it will be shown in Section 2.5.

2.4 EXISTENCE OF ELASTIC MINIMIZERS FOR INITIALLY
STRESSED BODIES

In this section, we prove that if the strain energy density 1 satisfies the as-
sumption of Theorem 2.3.1, then ¢ satisfies the ISRI (2.16) if and only if it is
expressible using the theory of elastic distortion (2.6).

Theorem 2.4.1. Let 1 satisfy the hypotheses of Theorem 2.3.1 and the ISCC condition.
We denote by g the strain energy of the material in the absence of initial stresses, being

po(F) = ¢(F; 0).
Then, the function  satisfy the ISRI (2.16) if and only if we can express it as
(F; £(X)) = (det G[Z](X))po(FG[E](X) ") = g5 (F)
where G[X](X) is a function such that

T(G[Z)(X); £(X)) = 0.
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Proof. 1t is proved in [98] that the strain energy Ve (x) satisfies the ISRI.

Let ¢ be a strain energy which satisfies the ISRI and such that ¢(F; 0) =
Po(F). The existence of the function G[X](X) is guaranteed by the Theorem
2.3.1.

Omitting the explicit dependence on X for the sake of compactness, we ob-
tain:

that concludes the proof. O

We also introduce the following useful Lemma:

Lemma 2.4.1. Let ¢(F; X(X)) be a strain enerqy density satisfying the hypotheses
of Theorem 2.3.1, the ISRI and such that {(F; 0) is polyconvex. Then p(F; X(X)) is
polyconvex for all X € Q).

Proof. From the Theorem 2.4.1, we get
$(F; £(X)) = (det G[x])(X))$(FG[Z](X) " 0).

Following the Remark 2.3.2, we have that G[X] € B(Qp, £7(R%)) and the
Lemma is a direct consequence of the Lemma 6.5 in [150]. O

Indeed, under some regularity assumptions, if the strain energy density 1 is
polyconvex in the relaxed case, then it is polyconvex for all ¥ : Oy — S(R3). It
is now possible to prove a theorem of existence of elastic minimizers for initially
stressed bodies.

Theorem 2.4.2 (Existence of elastic minimizers). Let Qg C IR3 be a connected,
bounded and open subset with a reqular boundary and let ¢(F; X(X)) be a strain
energy density for an initially stressed material, with ¢ (-; £(X)) € CY(LT(R3)) and
¥(F;+) € CO(S(R®)). Let © : Oy — S(IR?) be a measurable function.

We assume that:

(i) (initial stress independence and non—degeneracy)  fulfills the hypotheses of The-
orem 2.3.1 and the ISRI condition (2.16);

(ii) (polyconvexity of the relaxed energy) in the absence of initial stresses, the strain
energy density P(F; 0) is polyconvex with respect to F, namely there exists a
convex function h : L(IR®) x L(R3) x (0, +00) — R such that

Y(F; 0) = h(F, CofF, detF)

(iii) (coercivity of the relaxed energy) there exist x >0, € R, p >2,9>p/(p —
1), r > 1 such that:

h(F, C, &) > a(|F|P +|Cl7+d")+B,  VF,Ce L(R>,s>0.
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We assume that there exist two disjointed subset T'g, T'y such that 00y = I'o U T’y and
such that |To| > 0. Let f : Qg — R®and t : Ty — R3 measurable such that the
application

L[go]:/ﬂof-(de—l—/rlt'qodS

is continuous on W' (Qq, R®). Finally let ¢, : To — R3 be a measurable function
and such that the set

U ={peW(Q R | CofGradg € LY, detGradg € L',

detGrad ¢ > O a.e. in O, ¢ = @, on Fo}. (2.22)

is non-empty.
Then, defining the functional F : U — R U {400} as

Flol = /Q #(Gradg; £(X))dX — Llg]

0

and assuming that inf F || < oo, there exists an elastic minimizer

min Flo].

Proof. Using the Theorem 2.4.1, from (i) we have that

$(F; £(X)) = (det G[T](X))yo(FG[E)(X) ") = ¥(X, F). (2.23)

We prove the claim as a direct application of the Theorem 7.3 in [23]. Here we
only sketch the proof, pointing to [23] for the details.

Since ¥ is measurable and ¢(F, ) is continuous for all F, then ¥(X,F) is a
Carathéodory function, i.e. it is continuous with respect to F a.e. in )y and
measurable in ) for all F € £ (R?). Hence, the functional F is well defined.

By simple application of Lemma 2.4.1 and (ii), ¥ (X, F) is polyconvex a.e. in
9. The coercivity of F is enforced a.e. in () by the hypothesis (iii), the bound-
edness of G[Y] in Remark 2.3.2 and the continuity of L in W' (0, R?). The
non-degeneracy of ¥(X, F) for detF — 0" is given by (i). Hence, by applying
the standard methods of the calculus of variations, we can show the existence
of infimizing sequences ¢, € U which admit weakly converging subsequences
to a limit point ¢ € U. Since the functional F is lower semicontinuous as a
consequence of its policonvexity, the weak limit ¢ € U minimizes F.

U

Such a Theorem is a standard application of Ball’s theorem on the existence
of solutions in nonlinear elasticity [23]. The main result obtained in this section
is that the ISRI automatically guarantees that the polyconvexity is preserved for all the
initial stress fields if it holds for ¥ = 0. Conversely, if we do not assume the ISRI,
the polyconvexity of the strain energy density should be imposed by a suitable
constitutive restriction on the dependence with respect to the initial stress field.
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According to the Theorem 2.4.1, imposing the ISRI condition is equivalent to
require that the initial stress tensor X is generated by an elastic distortion given
by G[X].

Conversely, if the ISRI does not hold, the dependence of the stored elastic
energy on the choice of the reference configuration is not solely related to the
the corresponding variation of the initial stress. Thus, the material properties
may depend on the specific initial stress field.

For the sake of clarity, let us investigate how the material symmetry group
depends on the presence of an initial stress within the body. We denote by Gy
the material symmetry group of the relaxed state around a material point X.
In view of Theorem 2.4.1 and following the same computation of (2.9), if the
strain energy fulfills the ISRI condition for a generic initial stress field S and for
all Q € Gy, we get that the material symmetry group Gs of the initially stressed
body is given by

Gs = Gg'GoGs,

where the tensor Gs is defined in Theorem 2.3.1. Hence, the group s is conju-
gated to the group Gy through the tensor Gs, exactly as in the theory of elastic
distortions (2.9).

Conversely, we now consider a strain energy of the form

(F;S) = f(I(C) = 3) + g(J1 —trS) (2.24)

where J; = tr(SC), and the function f and ¢ must be such that the energy
density (2.24) satisfies the ISCC (2.11) and g is non-constant. If the material
is initially unstressed (i.e. S = 0), the strain energy density (2.24) defines a
general isotropic nonlinear elastic response and the material symmetry group
is given by

Go = OT(R3).

However, if we consider an initial stress S = aM ® M, where M is a unit
vector, we observe a change in the nature of the material symmetry group. In
fact, considering that

tr(SQTCQ) = tr(SC) VFe D — QM = M.
The material symmetry group Gs is given by
Gs={Qe 0" (R’ | QM = M},

so that the material is not anymore isotropic but transversely isotropic.

Thus, if the material does not satisfy the ISRI, the material symmetry group
Gs is not conjugated with Gy and it is not possible to obtain the material symme-
try group Gy by an elastic distortion of the material. In other words, if the ISRI
condition is not fulfilled, the body may change its material symmetry group
depending on the imposed initial stress field, leading to a modification of the
material response.
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2.5 AN ILLUSTRATING EXAMPLE: THE RELAXED STATE OF
A SOFT DISC WITH ANISOTROPIC INITIAL STRESS

As an example, we consider a disc of radius Ry composed of an incompress-
ible nonlinear elastic material subjected to planar strains and initial stresses. Let
(Er, Eg) and (e,, eg) be the cylindrical vector basis in Lagrangian and Eulerian

coordinates respectively. We assume that the initial stress is axis-symmetric,
having the following general form

Y= (tx—l—,Blog (é))ER@)ER%— <'y+,810g (;))E(a@b"@. (2.25)

The body in the reference configuration must obey the linear momentum
balance, that in the absence of bulk forces reads

Divi = 0. (2.26)

Since the residual stress tensor > depends only on the radial coordinate R, (2.26)
reduces to the following scalar equation

dXRr | LRR — 20O _ A,
IR + R =0;
that is fulfilled if and only if
B=7—ua.
If the disc is not subjected to any external traction, then Xggr(Ro) = 0, so that
« = 0. We now aim at calculating the elastic minimizer corresponding to this
particular choice of the initial stresses. Let i(F; ) be the strain energy density

of the initially stressed disc. We assume that in the absence of residual stresses,
the material behaves as a general isotropic material, such that

¥(F; 0) = f(1(C) =2)

where f : [0,+00o[— R is a convex function of its scalar argument. In view
of Theorem 2.4.1, Y(F; £) = ¢(FG 1[Z]; 0). Using the polar decomposition
Glx] = RUg where the tensor R is a proper orthogonal tensor and Ug is the
corresponding right stretch tensor, we denote the metric tensor of the initial
elastic distortion by

B=G[x]'G[x] T = Uéz, (2.27)
where Ag is the principal eigenvalue of Ugz. Accordingly, the ISCC condition
(2.11) imposes:

¥ =2f(L(B) —2)B — psl (2.28)

where py acts as the Lagrange multiplier enforcing the incompressibility of the
metric tensor. From the expression of the initial stress (2.25) and the equations
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(2.27)-(2.28), we get that U is diagonal with respect to the cylindrical vector
basis, thus
Ug = diag(Ag, Ag):

Considering that
tr(G[Z]"TFTFG[X] 1) = tr(BCQ)

by enforcing the ISRI condition we can write the strain energy density as
p(F; ) = f(tr(BC) - 2).

By applying the trace and the determinant operator on both sides of (2.28), we
obtain respectively

{Pz = f'(I,(B) —2)I;(B) — 11(22)

L(5) + L(Z)ps + p5 = 4(f'(h(B) —2))

where [;(X) = trX and I3(X) = detX. After substituting in (2.29) the first
equation into the second one, we get

(2.29)

11(2)2 _ (¢ 5 2 52
2 B0 = (£ (h(B) - 2)2(1(B? - 4 (2:30)
The term @ —L(X) = w is always positive. Since f(x) is strictly

convex with a minimum in x = 0, the rhs of (2.30) is a positive-definite, strictly
monotone function of I;(B) Thus, (2.30) is invertible and the principal eigen-
value Az = Az (ZRrRr, Zeo) is given by:

((Aéﬂgz)z—‘l) (ff(AE+A%—2))7 = (ZRR;W (2.31)

We multiply each side of (2.28) by C on the right, by applying the trace operator
we get
_ Ji+psh
o 2 -2 )
2f’(/\a + A" - 2)

tr(BC)

Accordingly, the strain energy function ¢ (F; X) for an initially stressed isotropic

material reads
Ji +psh
p(FX)=f ( s - 2) : (2.32)
2f’(/\G + Aa —2)

Note that the relaxing map corresponding to (2.32) is the map G[X] as defined
by (2.27) and (2.28), since we have written ¥ (F; ¥) as ¢(FG~1[Z]; 0).
A mapping whose deformation gradient corresponds to Ug is given by

©)
r=AgR 0=+3, z2=2 (2.33)
G
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This relaxing map corresponds to a controllable deformation for isotropic
materials, meaning that it can be supported by surface tractions alone at equi-
librium. It describes the opening of the initial disc into a circular sector, corre-
sponding to non-homogeneous displacements and homogeneous strains [193,
192]. In fact, we remark that (2.33) does not globally map a physically compati-
ble configuration even if the Riemann curvature of the underlying metric tensor
is zero. This can be easily checked since the curl operator of the deformation
tensor corresponding to (2.33) is not zero if Az # 1. From (2.31), this condition
implies Xrr # Xpo, or equivalently v # 0. Therefore, the relaxing map given
by (2.33) is a non-uniform controllable stress state with uniform deviatoric in-
variants. The latter is the necessary condition for stress controllability given in

[45]-

2.0 DISCUSSION AND CONCLUDING REMARKS

This work proved novel insights on the link between the existence of elas-
tic minimizers and the constitutive assumptions for initially stressed materials
subjected to finite deformations.

Assuming a strain energy density in the form ¢(F; ¥) and a non-degeneracy
axiom, we clarified the mathematical implications of assuming the ISRI con-
dition as a constitutive restriction. Theorem 2.3.1 proves the existence of a
relaxed state given by the tensor function G[¥] as an implicit function of the
initial stress distribution. The tensor G[X] is generally not unique, and can
be transformed accordingly to the symmetry group of ¢. Moreover, Theorem
2.4.1 proves that each strain energy density function ¢(F; X) that satisfies the
ISRI condition can be written as ¢(F; ¥) = (detG[X]) ¢ (FG[X]L; 0). Thus, we
prove that the material symmetry group of the initially stressed material satis-
tying the ISRI condition locally changes as we vary ¥ according to the theory
of elastic distortions.

Furthermore, we have used the previous results of Ball to prove the exis-
tence Theorem 2.4.2 of the elastic minimizers for a strain energy density in
the form ¢(F; X), that satisfies the ISRI condition under suitable constitutive
restrictions. Such a result is based on the proof that the polyconvexity of the
strain energy density of an initially stressed material is automatically inherited
for all ¥ if it holds in the case ¥ = 0, given some necessary conditions on the
non-degeneracy and the regularity of ¢ (-, X).

Whilst the theory of elastic distortion requires an a priori choice of the virtual
incompatible state, the constitutive restrictions on 1/J(F; Y) ensure the existence
of the elastic minimizers corresponding to the physically observable distribu-
tion of the initial stresses. In an illustrative example, we have shown how to
calculate the relaxed state of an incompressible isotropic disc as a function of
the axis-symmetric distribution of initial stresses.
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We finally remark that the ISRI condition should be assumed for the ma-
terials that do not undergo a change in the underlying material structure, so
that the initial stresses arise only in response to an elastic distortion. This hap-
pens, for example, for the residual stresses generated by a differential growth.
By using the classification proposed by Epstein [78], the ISRI condition is in-
deed well suited for modeling the growth or the remodelling of a soft material,
namely a change of shape that does not affect the material properties and the
microstructure of the material. On the contrary, when there is a modification
of the microstructure that involves a change in the material properties, the ISRI
condition would be physically flawed and other constitutive choices should be
done.

Our results prove useful guidelines for the constitutive restrictions on the
strain energy densities of initially stresses materials, having important applica-
tions for the study of the morphological stability and wave propagation anal-
ysis in soft tissues [59], and the non-destructive evaluation of residual stresses
generated by a differential growth in biological materials [132, 75].
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MODELLING OF ACTIVE
PHENOMENA IN BIOLOGICAL
TISSUES

In this Chapter, we aim at modelling active phenomena in living matter, fo-
cusing the attention on two important processes: the active contraction of mus-
cle tissue and the growth of biological materials.

The work is organized as follows: in Section 3.1 we compare the experi-
mental results on the uniaxial traction of a skeletal muscle with the theoretical
prediction of the active strain model, more into detail in Section 3.1.1 we review
the active strain approach and its mathematical properties, in Section 3.1.2 we
compare the experimental data of Hawkins and Bey [104] with the predicted
stress-stretch curves predicted by the active strain approach. In Section 3.1.3
we propose an alternative model based on the mixture active strain method.

In Section 3.2, we mathematically describe solid tumour growth exploiting
a non-linear poroelastic model: in Section 3.2.1 we review the model of tu-
mour growth, discussing the differences between fluid-like models and solid-
like models. In Section 3.2.2 we discuss the limitations of the fluid models
of tumours. In Section 3.2.3, we introduce the poroelastic model and in Sec-
tion 3.2.4the growth law which includes a mechanical feedback. In Section 3.2.5
we enrich the mechanical model describing the dynamics of the nutrient of the
cells. Finally, in Section 3.2.6 we present the results of the numerical simula-
tions of the chemo-mechanical model, comparing them with in vitro and ex
vivo experiments.
The results of this chapter lead to the following publications:

D. Riccobelli and D. Ambrosi. Activation of a muscle as a mapping of stress
strain curves. Submitted

D. Ambrosi, S. Pezzuto, D. Riccobelli, T. Stylianopoulos, and P. Ciarletta. Solid
tumors are poroelastic solids with a chemo-mechanical feedback on growth.
Journal of Elasticity, 129(1-2):107-124, 2017

3.1 ACTIVATION OF A MUSCLE AS A MAPPING OF STRESS-
STRAIN CURVES

An important example of active material is provided by the muscle tissue,
which can contract in presence of an electrical stimulus. A correct constitutive
modeling of both the active and passive behavior is crucial for several biome-
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chanical systems, such as the modelization of the heart and of the skeletal
muscles.

A mathematical description of the muscle tissue poses several challenges.
First, nonlinear constitutive laws are required since a muscle can undergo large
deformations. Moreover, a muscle, seen as a material, is strongly anisotropic
due to the presence of muscle fibers; in particular it can be suitably represented
as transversely isotropic (as in the case of the skeletal muscle) or orthotropic
material (as happens in the myocardium, due to the different orientation of the
fibers). Furthermore, the process of activation of a muscle is very complex and
involves several mechanisms at the microstructural level [46, 173].

A robust constitutive model accounting for the ability of a muscle to contract
is far from being established. During the last few decades, several methods
have been developed to model the active behavior of muscles in the framework
of continuum mechanics [149, 9]. The most popular one is the so called active
stress [9]. Such an approach involves an additive split of the total stress into a
passive and an active component [194, 160, 152]. Another approach is the active
strain, a technique based on the theory of elastic distortions. In a biomechani-
cal context, such an approach was first introduced by Kondaurov and Nikitin,
and further developed by Taber and Perucchio [125, 200, 149]. The active strain
has been employed in several models (e.g. [52, 184, 153, 165]) due to its ro-
bust mathematical properties and the clear physical interpretation: the muscle
contraction corresponds to a geometrical remodelling of the body [78, 175].

While the active strain approach guarantees some suitable mathematical prop-
erties, the flexibility of the active stress in general allows a better accordance
with the experimental results [9, 184, 105, 93]. Nevertheless, the preservation of
the well posedness of the mathematical problem is not always guaranteed by
the latter approach [162, 9] and could manifest itself in unexpected numerical
issues. The active stress formulation is so general that includes the active strain
as a particular case [93].

The aim of this Section is to compare experimental data on the uniaxial iso-
metric activation of a skeletal muscle [215, 104] with a stress field predicted by
the active strain theory. We show that a plain active strain approach is intrinsi-
cally unable to reproduce experimental data, but suitable modifications can be
effective in this respect.

3.1.1  The active strain approach

We denote by £ (IR%) the set of all the linear maps L : R> — R® with pos-
itive determinant. Moreover, we indicate with &/ " (IR%) the subset of £L*(IR%)
composed of all the linear applications L such that detL =1

Let ()9 and (). be the reference and the actual configuration of an elastic body
respectively. We denote with X € )y the material position vector and with
@ : Oy — Qe the motion function. We denote by F = Grad ¢ the deformation
gradient tensor.
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We assume that the material is incompressible and hyperelastic and we de-
note by 1y the strain energy density of the passive material. Thus, the first
Piola—Kirchhoff stress of the passive material is given by

_ 9o 1 ~_dy 1,
Po = S9F pF—, (PO)z] = aFji PFi]' ; (3.1)

where p is the Lagrangian multiplier that enforces the incompressibility con-
straint det F = 1.

When the body is activated, we assume that the deformation gradient admits
a multiplicative decomposition of the form

F = FF,, (3.2)

where F, accounts for the local distortion of the material due to the activation.

Such an approach is inspired by the theory of elastoplasticity, the decompo-
sition (3.2) is usually referred as Kriner-Lee decomposition; to the best of our
knowledge, its first application in the field of biomechanics is due to Taber and
Perucchio [200].

The distortion field F, : Qg — U™ (R?) is to be constitutively prescribed. As
far as it concerns the activation of a muscle, we assume that F; determines no
variation in the local volume, hence detF, = 1.

The activation-induced distortion of the body can lead to a geometrically
incompatible configuration, namely there may not exist a vector map such that
Fa is its gradient: F, is not integrable. The integrability of F is restored by
another component F, that accounts for the elastic distortion of the body [181].

The tensor field Fe describes the elastic “deformation” due to the presence of
external and internal forces and to the restoration of the geometrical compati-
bility. Hence, the strain energy of the activated material ¢ : Qg — Q) is given

by
P(F) = yo(Fe) = po(FF, 1), (3-3)

and the first Piola—Kirchhoff stress tensor reads

_0p 9
P_BF pF— =F, oF. pF .

The active strain approach possesses nice mathematical properties. In fact, if
the strain energy density ¢y is rank-one convex or polyconvex, then i preserves
such properties [150, 9].

3.1.2 Activation as a linear mapping

The aim of this section is to compare the experimental results on the isomet-
ric uniaxial activation of a skeletal muscle with the stress fields predicted by
the active strain approach. We will focus on the work of Hawkins and Bey
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[104] who performed traction experiments on a rat tibialis anterior muscle in
isometric conditions.

We denote the local direction of the fibers by the vector field M with |M| = 1.
A common choice for F, inspired by the microstructural architecture, is given
by

Fa = (1—7)M+%(|—M>, (34)
-
where 0 < 7 < 1 is a parameter that describes the microstructural degree of
contraction of the muscle (0 corresponds to the relaxed muscle), M = M ®
M and ® denotes the diadic product. By performing such a choice for the
active strain F, we assume that the contraction of the sarcomere preserves the
cylindrical symmetry along the axis identified by the direction M.

Let us denote with F) the deformation gradient that corresponds to the uni-

axial deformation along the anisotropic direction M, i.e.

1
F\ _/\M+W(I—M). (3.5)

Making use of (3.1), we can define the function ¢ as

¢ (A) == o(Fa),

in the passive case. Because of the specific form of the active deformation (3.4),
in a uniaxial deformation (3.5) the strain energy density takes the specific form

A
$(FA) =¢ <1—’Y) : (3-6)
Differentiating ¥ (F,) with respect to A, we obtain the principal stress in the
direction M:
dip(Fa)

Pm(A, ) = I (3-7)

so that, exploiting the relation (3.6) and applying the chain rule, we get

1,/ A

Out of a rescaling of the strain and stress, the stress-stretch relation P(A, ) is
therefore completely characterized by its passive behaviour. In fact, if we know
the passive response

Pu(n, 0) = HE) — ),

then if the muscle is activated we can obtain Pys(A, 7v) by rescaling the variable
of the function ¢(A).
Indeed, from (3.7) we can observe that

1,/ A\ _ 1 A
PM(A’V):l—v(P<1—7>_1—7PM<1—7’0>' 69




Thus, the stress-stretch curve of the activated muscle can be straightforwardly
obtained by rescaling the stress and the strain variables by the same factor
1—)"

Unfortunately, such a representation of the activation process is too restric-
tive to reproduce the experimental results obtained from measuring Py in a
tetanized muscle [215, 104]. Hawkins and Bey measured the stress-strain rela-
tion of the passive muscle and of the tetanized muscle in isometric conditions
(Fig. 3.1). In fact, from the experimental plot in Fig. 3.1 (top) we observe that
the passive material exhibits a strain hardening effect when A > 1.3. When
the muscle is activated, the curve stress vs strain has a completely different
slope: there is a change of concavity and a strain hardening for A > 1.3 and no
self-similar transformation reproduces it.

A qualitative attempt to fit of the physiological plot using the active strain
approach is obtained by mapping the experimental curve of the passive muscle
in Fig. 3.1 (top) into the activated one by the rescaling defined by the equation
(3.8) according to the following procedure. Every point of the stress-stretch
plane (Ao, Py) that belongs to the stress-stretch curve of the passive material
can be mapped on the activated curve making use of (3.8). Indeed, we get that
the rescaling

(A, P) = (Ao(l =) 7 1?7) , (3-9)
provides the stress-stretch curve of the activated material.

Such a rescaling is applied to the passive curve for several v and the results
are shown in Fig. 3.1 (bottom). It is apparent that in this way it is not possible
to obtain a stress-stretch curve that fits the experimental data for the contracted
muscle. In fact, the strain hardening is anticipated as we increase oy and the
curve obtained interpolating the experimental data is not convex for 0.7 < A <
1.2. Thus, the active strain approach cannot reproduce the uniaxial deformation
of a contracted skeletal muscle.

We remark that the result of this section do not assume any specific strain
energy function to model the passive behavior of the muscle; it is just a rescaling
of an experimental curve. Our unique assumption is that the activation of the
muscle reads as a contraction along the direction of the fibers that preserves
volumes, as in equation (3.4).

3.1.3 An alternative approach: the mixture active strain approach

A possible alternative method is to model the muscle as a material composed
of two solid phases, only one of them actively contributing to the muscle con-
traction.

Let us consider a strain energy density such that

IP = IPiso + ¢’ani
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Figure 3.1: (top) Stress-stretch data obtained from the uniaxial traction experiments of
Hawkins and Bey [104]. (bottom) Stress-stretch curves of the uniaxial trac-
tion obtained from the passive data by assuming the active strain approach
and using (3.9), here 7 varies from 0 up to 0.4 by steps of 0.05. The arrow
denotes the direction along which -y grows.

where 5, is the isotropic part of the strain energy whilst 1, describes the
contribution provided by the fibers. We assume that s, is only passive and
does not give any contribution to the active behavior of the muscle.

The only part of the energy that can provide an active contribution is the
function ;. Thus, we describe the muscle as a mixture of passive (like elastin,
randomly distributed collagen) and active materials (like the sarcomeres). We
call this approach mixture active strain [107, 94, 159, 93].
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The first Piola—Kirchhoff stress now reads

o alpiso al/)ani
P=F T oF

_ pF_l

while the principal stress in the direction M, denoted by Py, produced by the
deformation F is

PM(/\/ 7) = ]1\310(/\) + p]?/llu<)\/ 7)
where

i d iso ni d ani a_l
P}l&o()\): 11[) (F?\) P]e\ld (/\/'7): 110 (F/\F )

A ar
In analogy with (3.8) we can introduce the following representation

- 1 i A
Pal"ll )\, — Pal"ll , 0 .
M (A7) 1_,YM<1_,Y )
Hence, the purely active contribution arising from the contraction of the muscle

is due to the anisotropic contribution and it is given by

R, 1) = Pulh, ) - P, 0) = 1B (12, 0) < B, 0)
- -9
Such a function is expected to fit the experimental data of Hawkins and Bey
[104] relative to the active contribution to the stress Py (see Fig. 3.1). Indeed,
setting v = Ymax corresponding to the maximal contraction of the sarcomere,
we get that P3f'(A, ymax) should reproduce the difference between the stress
generated by the tetanized muscle and the stress generated by the passive body:
to perform this comparison, we have to chose a specific strain energy density.
Let us introduce the following invariants

I =t C, J = detF, Iy = tr(CM),

where C = FTF is the right Cauchy-Green tensor.
We choose to model the isotropic part of the muscle as a Gent material [90],
so that the strain energy density is given by

I L —
Piso(F) = _E rznax log (1 - = 3) (3.10)
max
where y is the shear modulus and Inax is a parameter that sets the maximum
value reachable by I;.
The anisotropic part of the strain energy is instead given by

Pani(F) = & (ﬁ - 1>2- (3.11)

Thus the fibres contribute to the strain energy only if there is a deformation in
the direction M. We remark that the constitutive choice (3.10), while specific,
is very popular in the mechanics of soft tissues [9o, 115, 116, 169, 170]. The
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anisotropic component of the strain energy (3.11) usually in literature involves
the square root Iy [48]. In this work we adopt a power law with a smaller
exponent (fourth order root) to account for the reported change in convexity of
Py versus A (see Fig. 3.1 top).

The total strain energy of the activated material is hence given by

P(F) = Piso(F) + (detFa)hani (FF, 1) (3.12)

where F, is given by (3.4).

08 1.0 1.2 1.4 1.6
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Figure 3.2: Plot of the normalized principal stresses Pi°/u (top) and Pifi/a (bottom).
The parameter Inax has been set equal to 1 and <y varies between 0 and 0.5
by steps of 0.05.
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Figure 3.3: Plot of Py when y = 5 kPa, Inax = 0.45, « = 100 kPa and <y varies from 0
to 0.5 with steps of 0.05.

Thus, for detF, = 1 the Piola-Kirchhoff stress tensor reads

P(F) = Piso(F) + F; 'Pani(FF; 1) — pF 1,

where .
. L —3\~
Prao(F) = o <1 - }m;) FT,
Wani VI —1
Pani(F) = g’aFm = a Y2 MFT.
4 Iz

In particular, in the case of a uniaxial deformation in the direction M, we can
compute the principal stresses Pps and P3 in the direction M, namely

1

i diso (F A2+2A71—3 B _
- ) )

A
P, ) = Wam(BAED _ « VAL

dA C1—v %
Thus, the total principal stress
Pu(A, 7) = Py (A) + Pt (A, 7)
is given by
A2 a1 o3\ ! . VA=
PM(A,'y):;u(l—Imax) (/\—)L >+1_7 =
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In Fig. 3.2 we plot the principal stresses Pi°(A) and P§fi(A, v) normalized
with respect to u and «a, respectively. In Fig. 3.3 we plot the total principal
stress Pyr(A, ) where we set yp = 5 kPa, Imax = 0.45, « = 100 kPa. Increasing
the activation parameter v, the stress-stretch relationship is in good agreement
with the experimental data of Fig. 3.1 for ¢y ~ 0.5.

The model however has some limitations: the passive curve overestimate the
stress for A ~ 1.2. Moreover, the compressive branch of the passive curve can
not be compared with measures. In the experimental literature, some works re-
port that the passive stress generated performing a uniaxial compression along
the direction of the fibers is lower than the one occurring in extension [210].
However, other works report a behaviour in compression with the stress of the
same order of magnitude of the stress obtained in extension, in one case even
higher [217, 36, 35] (see [210] for a comparison between the data). Our model
predicts a behaviour which is similar to the second case. In order to obtain a
softer behaviour in compression, it would be necessary to exploit a more in-
volved expression of the strain energy densities ¢iso and §ani (e.g. considering
an anisotropic energy also for the passive constituent of the muscle).

Summarizing, we have shown that by using an active strain approach on
the anisotropic part of the strain energy density only, one can quantitatively
reproduce the behaviour of the skeletal muscle in extension. The mixed active
strain approach allows to overcome two limitations of the “pure” active strain.
First, increasing the activation parameter, the strain stiffening appears always
at A = 1.3. Second, we observe a change of concavity in the stress-strain curve
in the tetanized case (y = 0.5) at A ~ 1.1 (Fig. 3.3). Mathematical issues raised
by the mixture active strain are the subject of the next Section.

3.1.3.1  Material symmetry group and muscle activation

Even if the mixture active strain approach better fits the experimental data
with respect to the active strain, it remains an open question whether such
approach preserves or not some mathematical properties. For the “global” ac-
tive strain approach (3.3), rank-one convexity is preserved [g]; in the mixture
approach, if the strain energy functional is rank-one convex globally in the pas-
sive case, we cannot state rank-one convexity without further assumptions on
Piso and Pani. If both i and Papni are rank-one convex, then

2 2./, 2 .
ﬁ:a¢w)ﬁF—éF'a%”G)ﬁF+&¢fwa¢mKH:5H71>0

oFoOF ~ 7 OFoF

oFoF

for all 5F which are rank-one since also 6FF, ! is a rank-one tensor [9]. If the
material is incompressible, 6F must also belong to the tangent space to the
manifold detF = 1, namely F-T:6F=0.

The same happens for polyconvexity: if both the 1;s, and 1n; are polyconvex
in the passive case, then the polyconvexity is preserved in the active case. This
is a direct consequence of Lemma 6.5 in [150].
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The active strain preserves the material properties during muscle contraction.
Indeed, the multiplicative decomposition of the deformation gradient is equiv-
alent to a remodelling, leading to a change of the relaxed state of the body
[77, 78]. Other methods, such as the active stress or the mixture active strain,
do not correspond to a remodelling and a modification the material properties,
such as the shear modulus or the material symmetries, can take place as a con-
sequence of material activation. If we use the language introduced by Epstein
[78], there is change of the archetype of the body.

It is expected that the symmetry group of the material is preserved, during
muscle activation, since the contraction of sarcomeres does not generate any
new structural anisotropy. Let

Giso = {Q € L{+(IR3) ’ wiSO(FQ) = wiSO(F) VF € Z/{+(]R3)} ’
Gani = {Q € U™ (R) | ani (FQ) = pani(F) VF € U (R%)}.

The material symmetry group of the passive muscle is given by G = Giso N Gani-
If the muscle is activated, the material symmetry group of the anisotropic part
of the energy becomes [78]

G\ani - Fa_lgFa/

and so the material symmetry group of the whole energy reads G = Giso N Gani-

It is easy to verify that if iis, is isotropic and ., is transversely isotropic
with direction of symmetry M, if we apply an activation of the form (3.4), then
the symmetry group of the material is not modified by the mixture active strain,
ie. G = QA .

Summarizing, the active strain approach corresponds to a remodelling [78,
175]: there is only a morphological change in the relaxed configuration and
the properties of the material are conserved. In the previous sections, we have
proved that the active strain cannot fit the experimental data of the uniaxial
extension of a skeletal muscle. During muscle contraction, the mutual posi-
tions of the actin and myosin filaments change, leading to a modification of
the microstructure: the increased number of cross bridges should result into a
different stiffness of the tissue. The active strain approach allows to describe
the modification of shape induced by muscle contraction but it does not take
into account the evolution of the material properties induced by the formation
of cross bridges (i.e. the shear modulus of the material does not change).

Conversely, the mixture active strain approach correctly reproduces the ex-
perimental data for the uniaxial traction of the muscle, without changing the
symmetry group of the material.

3.1.4 Discussion and concluding remarks

We have analyzed some aspects related to the modelization of muscle acti-
vation. First, in Section 3.1.1 we have provided a review of the active strain
approach for modeling the activation of an elastic medium. In Section 3.1.2
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we have compared theoretical predictions vs. experimental data provided by
Hawkins and Bey [104]. We have showed that, independently from the chosen
passive model, the active strain approach cannot reproduce the stress-stretch
curve of the tetanized tibialis anterior muscle.

According to the classification made by Epstein [78], the active strain ap-
proach corresponds to a remodelling of a material, namely a change of shape
that does not affect the material properties and the microstructure. The inade-
quacy discussed above shows that the contraction of the muscle is not a simple
remodelling and the microstructure of the tissue and the material properties
change.

Since it is not possible to model the skeletal muscle contraction as a pure
remodelling, in Section 3.1.3 we have proposed a model of the muscle alterna-
tive to the active strain obtained by a mixture approach, applying the Kroner—
Lee decomposition of the deformation gradient only on one component (the
anisotropic part) of the strain energy density. To make quantitative compar-
isons, we have used a Gent strain energy density for the isotropic part and the
strain energy (3.11) for the anisotropic one. Such a simple approach, called
mixture active strain, provides results which are in good agreement with the
experimental ones.

Convexity properties are preserved if both the isotropic and the anisotropic
part of the strain energy are polyconvex or rank-one convex. Also the material
symmetry group is preserved if ¢,n; is transversely isotropic along the direction
M and F, has the form (3.4).

It is to be remarked that while a correct representation of the stretch-stress
curve for uniaxial homogeneous deformation is a mandatory requirement, it is
not sufficient to obtain a reliable model for a generic deformation, in particular
in shear [93]; a deeper understanding of the possible change in the microstruc-
ture and in the material properties due to the process of muscle activation is
required.

The results of this work may support the development of models of the mus-
cle tissue activity: a reliable mathematical description of the skeletal muscles
or of the whole heart are active and open research topics in biomechanics and
in the field of biomedical engineering.

3.2 SOLID TUMOURS ARE POROELASTIC SOLIDS WITH A
CHEMO—MECHANICAL FEEDBACK ON GROWTH

Solid tumours can be regarded as active materials, since malignant cells du-
plicate in presence of nutrient. After Folkman & Hochberg [86], the multicellar
spheroid is a standard in vitro system used to evaluate the uncontrolled dupli-
cation rate of a tumour cell aggregate. A tumour spheroid is a cluster of cells
floating in a culture medium, it is an ensemble of cells freely proliferating in
an environment with large availability of nutrient. The malignant cells have



lost the ability to self-regulate their own number through a normal apoptosis
mechanism, regulated by the homeostasis with the environment; they duplicate
in an uncontrolled manner, isotropically, producing a nearly spherical shape.

In the standard free—growth case, a plot of the diameter of the tumour vs. time
typically exhibits an early stage of exponential growth, followed by a linear one.
The transition from one regime to the other is mainly regulated by the availabil-
ity of nutrient, that is driven by diffusion through the intercellular space. In
fact, when the size of the tumour R,(t) is smaller than the typical diffusion
length, the nutrient is everywhere available in the spheroid and the growth is

volumetric [8]:
dry 3
~ RS,
dt 0

so that R, ~ ¢’ Conversely, when the diameter of the spheroid is much larger
than the penetration length of the nutrient, one obtains surface growth, that is

0 ~ RO2/

dt

and R, ~ t. In a realistic intermediate regime, the concentration of nutrients
decays exponentially with the radius [100], favouring the external proliferation
vs the internal one. The mechanism underlying cell duplication and, in par-
ticular, the influence of the mechanical stress on growth is still not completely
understood.

The work of Chapter 3.2 is motivated by a number of recent experiments
that demonstrate the dependence of the growth rate of a tumour spheroid on
the mechanical load at the boundary. Some papers report a reduced apoptosis,
with no significant changes in proliferation [106]. According to others, the cell
division, rather than the cell death rate, is affected by stress [143]. To disentan-
gle the puzzle of the biological feedback of stress on growth, in Chapter 3.2 we
discuss the rheology of the cellular aggregate as a living material, to point out
its constitutive properties. We illustrate a number of arguments that support
the hypothesis that a solid tumour is a poroelastic material, where the cells and
the extra-cellular matrix represent the solid elastic component. A mathematical
model based on such an assumption is able to predict inhomogeneities that can
not be justified by fluid-like assumptions.

3.2.1 Background: elementary rheology and growth theory

The simplest distinction among fluid and solid materials can be based on an
elementary ideal experiment: under a pure shear load fluids flow, while solids
do not, at the time scale of interest. This draconian categorization encompasses
also viscoelastic materials, as they typically exhibit fluid-like or solid-like prop-
erties depending on the relaxation time scales. As an example, a "Maxwell
fluid" behaves as a solid if observed at a time scale much smaller than its relax-
ation time. Analogously, a "Kelvin solid" flows like a fluid when observed on
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short enough time scales. Things become a little bit more complex when flow
is prompted only above a yield stress, but the distinction persists when loads
are neatly below or beyond the threshold.

Many biological materials are composed by a mixture of several components:
interstitial fluid, different species of cells, collagen fibres, and so on. For
these microscopically heterogeneous materials the overall mechanical behavior
is represented, at the macroscale, by the superposition of single phase contribu-
tions, proportionally to the volume fraction occupied by each component. The
archetypical example of a mixture is a porous elastic material permeated by a
fluid: the stress in a poroelastic medium is the sum of the interstitial pressure
of the fluid plus the solid stress, which is proportional to the solid volume frac-
tion.

Fluids and solids behave in a very different manner when internal stresses arise
not because of external loads, but as due to the inner material reorganization
(growth and remodelling). The simplest example are thermal stresses in inho-
mogeneously heated materials with temperature-dependent density: residual
stresses relax in fluids, not in solids. The persistence of residual stress is there-
fore the signature of solid-like behavior which has to be properly addressed in
a modelling framework. In case of small strains, linearized elasticity applies
and stress (and strains) can be superimposed. In case of large strains, as it is
often the case with soft matter, a multiplicative decomposition of the tensor
gradient of deformation has to be introduced.

For our purposes, we represent the motion of every material point of a con-
tinuous body as a smooth invertible map ¢(X) with Jacobian F = a—i. For a
nonlinear elastic material the strain energy is (F); when the body grows and
residual stress is present, the strain energy rewrites

p(FG™1) (3.13)

where G is usually called “growth tensor”.

3.2.2 Are solid tumours fluids?

While the availability of nutrients is the major factor affecting tumour growth,
other external agents can play a role. The mechanical influence of external load-
ing on tumour growth has been first demonstrated by Helmlinger et al. [106].
They designed an experimental setup in order to control the load applied at
the boundary of tumour cell spheroids in vitro in agarose gels, and checked the
influence of such a stressed state on the growth rate of the multicell spheroid.
They compared the free growth of a floating multicell spheroid with the size
of cell aggregates placed into the agarose gel. The gel is produced at a given
(known) stiffness by suitably tuning the concentration of the solid phase. As
the spheroid grows, it displaces the surrounding gel, which then exerts a com-
pressive force at the surface of the tumour spheroid. An a priori mechanical



characterization of the gel allows to calculate the pressure exerted by the gel on
the spheroid, depending on its radius.

The main result of the experiments carried out by the group of Rakesh Jain
[106] is that the stress field reduces the final size of the spheroids, with a de-
creased apoptosis and non significant changes in proliferation. It is therefore
clear that a precise determination of the constitutive laws that characterize the
mechanical behavior of a tumour spheroid is a pre-requisite in order to assess
a reliable stress—growth relationship.

Early attempts in this respect assumed that a cell conglomerate behaves like a
viscoelastic fluid, able to bear a static load because of its surface tension [87]. At
equilibrium, measurements of the curvature radius of a loaded sample provide
the surface tension of the “fluid".

According to the Laplace formula, the pressure jump across a curved interface
between two fluids is inversely proportional to the radius of the curvature.
If the spheroid is loaded with the force F acting on a contact surface A, by
continuity of the stress, the inner pressure is F/ A and therefore

F 1 1

o <R1 + R2> (3.14)
where ¢ is the surface tension and Ri, R, are the curvature radii of the free
surface. According to the experiments, the surface tension of a cell aggregate
ranges in 1 —22 - 10~3 Newton/meter (as a reference value, the surface tension
of the water is about 72 - 10~3 Newton/meter). Relaxation times range between
1 and 50 seconds [87].

The opposite approach is to describe a solid tumour as a viscoelastic solid.
In this case, at equilibrium the external load should be balanced by the stress
in the body, depending on the strain of its material points. Assuming an ho-
mogeneous deformation and using the same data provided by the experiments
above, one can estimate the Young modulus E according to the following rule:

F _h—h

A =E I (3.15)

where 1, hy are the height of the loaded and unloaded sample, respectively. In
this case one finds E ~ 4 kPa, a typical soft-range value for living cells [127].

A second argument supporting the assumption of solid-like constitutive
equations is based on the spatial correlation between stress and apoptosis—
mitosis in loaded ellipsoidal spheroids [51]. The non-homogeneous prolifera-
tion pattern can be produced only by a solid-like material: a hydrostatic gener-
ates a pressure independent on the position in any symmetric geometry, while
in a solid material, high stress concentrates around the tips.

Furthermore, the work by Netti et al. [151] support the view that tumours
behave as solid-like materials. In their study, stress-relaxation experiments of
various tumour types in confined compression were performed and at the end
of the experiment all tumours equilibrated in a constant, non-zero stress, typical
of viscoelastic solids.
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Finally, evidence of residual stress in murine and human tumours is reported
by Stylianopoulos et al [198]. They cut the tumour azimuthally and observed
an opening angle, which is the signature of a solid like behavior. Residual
stress is likely produced by an inhomogeneous duplication rate of the cells as
well as by mechanical interactions between the cells and extracellular matrix
components, particularly collagen and hyaluronic acid, that strain the tumour
microenvironment. Only solids can contain residual stress, due to the evolution
of their relaxed configuration produced by incompatible growth [7]: energy
can be elastically stored in the unloaded body only if it is a solid. In particu-
lar, Stylianopoulos et al. observed a compressive residual stress (i.e. negative
opening angle) in the kernel and a tensile residual stress (positive opening an-
gle) in the outer shell of the tumour. This behaviour is paradoxical in terms of
availability of nutrients: their concentration is larger near the boundary, thus
favoring proliferation and eventually producing compressive stress. In a solid
tumour in vivo, this intuitive explanation does not work and we address such a
puzzle in the next sections.

3.2.3 Growth and stress

An evocative definition of a tumour is “a living system that has lost its self-
regulating ability towards homeostasis”. In other words, tumour cells do not
correctly detect or elaborate the external signals that should regulate its prolif-
eration and apoptosis, and duplicate without control. When the stress state of
the system is not in homeostatic mechanical equilibrium, it remodels (growing
or resorbing matter) until the target tensional state is recovered. In this respect,
all the genetic information that detail the shape and function of organs are en-
coded in the target stress. A suggestive mechanical interpretation of a tumour
therefore naturally arises: a tumour is an open system (in terms of mass and
energy) with a damaged inner mechano-biological control inducing a disregu-
lation of tensional homeostatis, i.e. the feedback that normally self-regulates
growth in terms of stress-modulated control does not properly work. In other
words, tumour cells regulate production and consumption not according to a
benefit of the whole organism but only in view of maximum invasion of ma-
lignant cells: the control on growth does indeed exist, also as a function of
available nutrients, but the corresponding duplication/apoptosis strategy has
a different aim.

The experiments illustrated in the section above do not only demonstrate the
existence of residual stress in tumours, but they also show that the inhomoge-
neous proliferation and apoptosis, triggered by the differential availability of
nutrients, is enhanced in a mechanically loaded spheroid. Their main result is
that mechanical stress affects proliferation and apoptosis inside the spheroid in
a non-homogeneous way, a correlation existing between strong apoptosis and
high stress.



In another series of experiments, the compression of the spheroid is con-
trolled by the concentration of a large molecule (Dextran) soluted in the bath
[142, 143]. As Dextran molecules cannot enter neither the cell membrane nor
the interstitial (intracellular) space, an imbalance of osmotic pressure at the
boundary loads the cellular aggregate. It is reported that for larger concen-
trations of Dextran the diameter of the spheroid grows slower and reaches a
plateau at smaller radius, in agreement with the results of Helmlinger et al [106].
While a single cell is almost incompressible with respect to the pressure due to
the concentration of Dextran, the volume of the cell aggregate strongly depends
on the osmotic pressure [141]. The reduction in volume in the cellular aggre-
gate therefore mainly occurs because of reduction of the intercellular space, in
the inner region of the spheroid.

The large number of available data suggests that a cell aggregate behaves
as a poroelastic material. The mathematical modelling of solid tumours as
porous deformable media has been addressed in a number of papers [43, 11,
183]; it a suitable mechanical framework to account for the coupled dynamics
of cells and extracellular matrix (the solid matrix) and interstitial fluid. The
interstitial flow is typically represented by a Darcy-type equation, while the
mass exchange among phases which allows a prediction of the growth of the
mass.

In the experimental setup by Montel et al. [142, 143] the porous media theory
offers a transparent explanation for interplay between the pressure of the fluid,
the chemical potential of the Dextran and the stress in the solid matrix. The
external load at the boundary is the sum of two terms: the pressure of the
fluid plus the chemical potential of the Dextran. Observing that the diameter
of the macromolecules is typically larger than the size of the intracellular pores,
we split the fluid load into two contributions: one that balances the interstitial
pressure, the other one loading the solid (cellular) component. Formally, we
assume that the global balance at the boundary

(=P = PD)ou = (T = plinm, (3.16)

splits into
—Pout = —Pin, (317)
—ppn =Tn, (3.18)

where p is the pressure of the interstitial fluid, pp is the osmotic pressure contri-
bution due to the concentration of Dextran, T is the Cauchy stress tensor in the
cellular aggregate, | is the identity tensor and # is the outgoing normal (radially
directed) vector. This assumption is in agreement with the observation that the
solid stress is not affected by the interstitial fluid pressure [198].

On the basis of this hypothesis, the stress state in the loaded spheroid can be de-
termined solving the force balance equations for the solid component only. As-
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suming spherical symmetry, the tensor gradient of deformation and the growth
tensor read

F = diag (r’, %, 1) , G=g(r)l, (3.19)
where (R, t) is the radial coordinate of the material point that was in R at time
t =0, | is the identity tensor and the prime ' denotes derivation in R. The solid
component of the poroelastic spheroid must satisfy the force balance equation

d 2
ETrr + P (Trr — Tyg) =0, (3-20)
with boundary conditions
r(0,t) =0, Tir(r0) = —PpD- (3.21)

where 7, = r(R,,t). A simple representation of an hyperelastic compressible
material is provided by the strain energy

P(F) = g (F-F —2log(detF) —3). (3.22)

If the material grows, the strain energy depends on the growth tensor too,
through a classical multiplicative decomposition

P(FG™1) = g (FG—1 FG™1 — 21og(det(FG1)) — 3) . (3.23)

where y is the shear elastic modulus. First variation and pull back to the refer-
ence configuration yields the first Piola-Kirchhoff stress

P = 1 det(G) (G*lchFT - F*l) . (3.24)
where, explicitly,
Y. (R
Prr = pg <g2 r,>/ Peo = 1g <Rg2 r>- (3-25)

The force balance equation (3.20) in material coordinates reads

d 2
——Pgrr + R (Prr — Poe) =0, (3.26)

dR
d (, &\ _o(,r & _ 1 &
dR(r _r'>_2<gR2_r_gR+r/R (527)

to be supplemented by boundary conditions (3.21) rewritten in material coordi-
nates

or, explicitly,

Prr(Ro) = (detF) T, F;'|r, = —(detF) pp F,. |, (3.28)
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or, explicitly

(7 1 _ r?
Mg v Ry = —PD Rz [Ro- (3-29)
For constant g the force balance equation (3.27) with boundary conditions (3.29)
has solution

r(R;g) = 18R (3-30)

where 7 is the positive root of the third order polynomial

f(v) =ppy’ +puy*—u=0. (3-31)

One may notice that f(0) = —u < 0 while f’ is always positive, therefore the
root is unique. Moreover f(1) = pp > 0, so that it mustbe 0 < ¢ < 1.

Remark 3.2.1. One could observe that poroelasticity has been advocated for the model
above, but its use is apparently very limited: there is no interstitial fluid flow, and
the porosity, the volume fraction of solid vs. liquid component, is not even mentioned.
There is a rationale behind such a minimal choice. Fluid flow is so slow that it carries
no contribution in the stress balance equation; of course, mass exchange among species
is the true physical mechanism for the growth of the tumour mass, however here it
is directly incorporated in the growth tensor G. Secondly, the porosity of the matrix
should contribute to the stress tensor T with a multiplicative factor depending on the
determinant of the gradient of deformation; as a matter of fact, we incorporate such a
contribution in the compressibility of the strain energy function (3.22). The numerical
results to be illustrated in the next sections will confirm that good predictions can be
obtained even with such a simple constitutive law, thus confirming that the theory
weakly depends on the specific constitutive equation for the strain energy density of the
solid matrix. The crucial ingredient of the model is the multiphase split of the load at
the boundary into a fluid and a solid component (3.19).

3.2.4 Mechanobiological feedback and equilibrium

In the general case, a growth law for G is to be supplemented to close the dif-
ferential equation (3.27-3.29). We consider first the case of growth controlled by
a mechanical feedback only. If nutrients are largely available everywhere, the
growth in time is expected to depend on the stress only. In finite elasticity, the
growth must depend on an invariant measure of the stress. A thermodynami-
cally consistent choice is to adopt the dependence on the Eshelby stress [6]. To
minimize the calculations, while preserving the essential biophysical features,
we chose here to measure the stress in terms of the second Piola-Kirchhoff ten-
sor S, which reads

S=PFT. (3.32)
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The mitotic rate of single tumour cells is known to be inhibited by compression
[106], and promoted by tension [50], and a very simple growth law that can
account for such a behavior is

, _ 8 wS g
§=7 <1+3KV a) (3-33)

where 1/7 is the mitotic rate in absence of external stimuli, xy is a threshold
stress and the last term in brackets accounts for apoptosis, the natural cellular
death rate. We highlight that the assumption of an isotropic growth tensor al-
lows to set a functional dependence on the trace of S. For a general anisotropic
growth a more complex dependence on the principal stresses would be needed,
guided by thermo-mechanical requirements.

Consider the unloaded case firstt —pp = 0 and at time t = 0 the solid com-
ponent has ¢ = 1. As S = 0, the evolution in time of G is autonomous and
independent of the radial position, so that g(t) is constant in space and its evo-
lution in time initially follows the well known exponential growth in size of the
cell aggregate up to a saturation dictated by the value of . The solid compo-
nent of the poroelastic spheroid is therefore relaxed, exactly as a sponge in the
deep ocean, where the interstitial pressure balances the head of the water.

If Dextran is present, the extra pressure compresses the cellular phase and trig-
gers the mechanobiological feedback via equations (3.33). The growth g(t) is
given by the solution of the first order ordinary differential equation

e=5(1-g (224 1)). (334

T K oo
Equation (3.34) has two equilibrium points: ¢ = 0, always unstable, and

aKp

= m (3-35)

&e
which is always stable (for the fixed 7(R;t) of (3.30)). The mathematical model
therefore predicts the following scenario, corresponding to the observed dy-
namics. For null osmotic pressure, the system grows exponentially, then it
tends to saturation. For sufficiently large osmotic pressure the stable equilib-
rium depends on the applied pressure pp. After derivation of equations (3.31)
and (3.35) we get

2

dge _ wwp y(2ypp+2p) _ (3.36)

dpp (aypp +xp)? 37PD + 20

The solution of equation (3.34) explains the plateau in growth vs time reported
for loaded spheroids at different Dextran concentrations, but it does not ac-
count for the radial density inhomogeneities observed in excised aggregates.
Remaining in a purely mechanical setting, an explanation for such a discrep-
ancy between theory and experiments could be provided by the possible onset



of an instability for the equilibrium solution (3.34) of the coupled problem. This
question is addressed in the appendix, where we study the stability of the so-
lution of the nonlinear system (3.27) and (3.33) with boundary conditions (3.29)
in order to explain the emergence of inhomogeneity. The result of the analy-
sis is that the small perturbations are always damped in time, so that a purely
mechanical framework cannot account for the observed dependency of growth
on the radial coordinate. The biophysics of the system needs therefore to be
enriched: in the next section we show that the kinetics of nutrients can trigger
dependence of the asymptotic state on the radial coordinate.

3.2.5 Dynamics of the nutrient and inhomogeneity of growth

In an avascular tumour, nutrients are provided to malignant cells by diffusion
through the boundary of the spheroid. The balance between diffusion and
uptake is fast with respect to the growth times (one hour vs. days) and obeys a
linear reaction—diffusion equation:

_1d (adey _ ¢ (3.37)
r2dr \' dr) A% 337
with boundary conditions

a0
dr'™=°

where the decay length A is on the order of 100-200 micrometers and ¢y is the ex-
ternal (constant) concentration. We remind that the boundary value problems
refers to the avascular phase of tumour growth. At later stages, neovascular-
ization can be triggered after the diffusion-limited radius is reached. In such a
case, a distributed nutrient supply from the tumour vascular network should
also be taken into consideration.

During the avascular growth phase, the concentration profile can be calculated
by direct integration of the equation in spatial coordinates [100], yielding an
exponential decay of the concentration of nutrient going from the boundary to
the center of the spheroid:

=0, c(ro) =co, (3-38)

B 1o sinh(r/A)
c(r) =co soh(o/d) 1 (3-39)

To account for the combined action of stress and nutrient pattern, we propose
to rephrase equation (3.34) to the following growth law

; — 8 frS 8
g = Tc <1+C(3K]4 “>). (3.40)

According to equation (3.40), the proliferation of the malignant cells is en-
hanced by the availability of nutrient, as it is usually assumed in mathemat-
ical models that do not specifically account for mechanics. In the same way as
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in equation (3.33), it is expected that the system reaches an equilibrium when
the term in brackets vanishes: a plateau in size is observed for large enough
times. The novelty of this growth law is that the equilibrium does not cor-
respond to an homogeneous growth tensor gl, but it depends on the radial
position through the concentration of nutrient, thus originating an inhomoge-
neous residual stress. Using numerical simulations, in the next sections we are
able to show that the predicted residual stress is in agreement with the reported
opening angles from cutting experiments.

3.2.6 Numerical simulations

Numerical integration of equations (3.27) and (3.40) with boundary condi-
tions (3.29) and initial conditions

r(R,t=0) =R, SR t=0)=1 (3.41)

is performed using a finite difference scheme with centered discretization in
space and a fourth order Runge-Kutta scheme in time. The parameters used in
the numerical simulations are T = 2.5 days, x = 2.9 kPa, « = 3.7, A = 250 ym
and y = 10 kPa. The initial radius is 100 #m, the final simulation time is ¢ F=25
days and the boundary condition of (3.37) is ¢p = 1.

The volume of the spheroid initially grows very rapidly for all values of pp. At
large times, for null or small values of osmotic pressure the slope of the curve
becomes very small, and it becomes horizontal for large pp (Figure 3.4).

As expected, the non-uniform pattern of nutrients triggers a weak inhomo-
geneity in growth. While the predicted growth pattern cannot be directly com-
pared with data, it is indirectly supported by the residual stress that it produces
by the relation (3.13). The radial and hoop component of the residual stress are
plotted in Figures 3.5 and 3.6 versus the radial coordinate at equilibrium.

As expected, the radial stress vanishes on the boundary of the spheroid,
while it is internally compressive. Conversely, the hoop stress changes sign,
being compressive in the core and tensional in the outer layer. Such a residual
stress distribution is stable against both circumferential and azimuthal pertur-
bations of the tumour boundary, as investigated in [55].

Data on residual stress of in vitro tumour spheroids are not available, proba-
bly because they are too soft and do not reach a size such that a mechanical ma-
nipulation and a precise cut can be operated. However the pattern reported in
Figure 3.5 and Figure 3.6 is in qualitative agreement with experiments on (much
bigger) human tumours implanted in mice [198]. Stylianopoulos et al. observe
that cells at the periphery of the spheroid are restricted by the surrounding
tissue and thus, during radial tumour growth they develop tensile circumferen-
tial forces. Surrounding tissues in vivo would then produce on the tumour a
compressive hydrostatic pressure increasing with the tumour growth. Further-
more, Figures 3 and 4 depict that the magnitude of stress - either compressive
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Figure 3.4: Volume of a spheroid vs. time for different values of the osmotic pressure.

or tensile - increases as the osmotic pressure exerted on the cells, pp, decreases.
This is explained by the fact that for low osmotic pressures the tumour becomes
larger in size and the stresses increase.

If the external pressure is removed, the radius quickly grows and reaches the
same value of the free-growth case (Figure 3.7), in agreement with the experi-
mental results [142].

3.2.6.1  Stress release in a cut spheroid

A quantitative comparison among observed and predicted residual stress can
be obtained on the basis of the opening angle of cut specimens. To this aim,
tumour spheroids have been grown in mice and then they have been cut along
their azimuthal plane for about 80% of their diameter. The spheroids then
partially relax their residual stress: the cut surface opens up at the periphery
while the inner region swells (see figure 3.8). Figure 3.9 depicts the cutting
experiments for breast and pancreatic tumours implanted in nude mice, also
reporting the tumour opening length and the maximum residual stresses within
the tumour specimens.

The observed behavior, which is in qualitative agreement with our predic-
tions in the stress pattern in small, in vitro, spheroids, can be quantitatively
compared with opening angles data on the basis of a three dimensional numer-

55



56

| MODELLING OF ACTIVE PHENOMENA IN BIOLOGICAL TISSUES

©
R i
-
=
= |
&
T — pp = 0.0kPa | |
pp = 0.5kPa
— pp = 2.0kPa
-1,2 — pp = 5.0kPa | |
— pp = 10.0kPa
= 20.0kPa
14| Pb |

|
0 50 100 150 200 250 300 350 400 45
r(R, tg) (pm)

Figure 3.5: Radial residual stress versus the radial position at final time for different
values of the osmotic pressure.

ical simulation only. As a matter of fact, an axial cut of a ring preserves the
cylindrical symmetry of the problem [68], while an azimuthal cut of a sphere
breaks it.

Numerical simulations are obtained using a finite element code that solves
the equation of finite elasticity on a spherical wedge. The computation repro-
duces the physical observations: the spheroid grows under spherical symmetry
which is eventually broken by the cut. We therefore use the growth tensor com-
puted under radial symmetry assumption and we evaluate the opening angle
that it produces.

The 3D numerical problem is based on FEniCS [4]. The computational do-
main is discretized with quadratic tetrahedral elements, with an average di-
ameter of 10um. Since we expect near to singular stresses around the edge
of the cut, the mesh is gradually refined nearby this edge to one twentieth of
the original size. The mesh contains roughly 28 143 elements and it has been
produced by Gmsh [91]. The non-linear variational problem is discretized with
quadratic isoparametric finite elements, and the final problem has 137949 de-
grees of freedom. The solver for non-linear problem is based on a modified
Newton’s method specifically designed for variational inequalities, and imple-
mented in the PETSc framework [21]. The solver can deal with inequality con-
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Figure 3.6: Hoop residual stress versus the radial coordinate at final time for different
values of the osmotic pressure.

straints, as we have on the cut boundary surface to avoid self-contact during
the swelling. The solver for the linear system is MUMPS [14].

The simulation is performed in two steps: first, we apply a homogeneous
growth tensor obtained by averaging the target one, while keeping the cut
sealed; then, we release the cut and we enforce the final growth tensor. This
strategy facilitates the convergence of the non-linear solver, which performs 40
iterations at most. A relative error below 1% on the opening angle is observed
when the mesh is uniformly refined, certificating the numerical convergence.

Boundary conditions, reported in Figure 3.10, apply as follows: the outer
boundary is stress-free, the cut surface is enforced to have non-negative dis-
placement in the normal direction to avoid self-contact, and on the internal,
intact, portion of the boundary symmetry arguments yield null normal dis-
placement and while the other components of the displacement must have null
derivative with respect to the normal direction. In Figure 3.11 the deformed
configuration obtained after a vertical cut of 80% of the diameter is shown.

The parameters used in the numerical simulations are T = 2.5 days, x = 33.35,
« =37, A =25mm, y = 27.0kPa and pp = 5.0kPa. The initial radius is 100 ym,
the simulation ends at t = 50 days and the boundary condition of (3.37) is
co = 1. In the numerical experiment the tumour opens with an angle of 11.70°,

corresponding to 1.41 mm of opening length. The final volume is 169.84 mm?3.
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Figure 3.7: Radius of the spheroid vs. time for pp = 0 (blue line) and pp = 2000 Pa
(green line). After 12 days the external pressure is removed and the system
returns the curve corresponding to the unloaded state.

The inner-most part of the cut, for about 20% of the diameter, is in self-contact,
certificating that this portion of the tumour tends to swell outward after the cut.
It is to be remarked that the diffusion length assumed here is larger than the
one used for small in vitro spheroids.

These results are in agreement with the ex-vivo experiments: the opening
length, the final volume and the hoop stress are very close to the reported ones
for the MiaPaCa2 tumour number 4 (see Figure 3.9) [198].

In order to investigate the relationship between the heterogeneity in the
growth tensor and the opening angle, we have performed a numerical exper-
iment where the difference between the growth at the center and the bound-
ary of the tumour is stepwise increased from zero to a value of 20. Table 3.1
summarizes the result of the simulation. As expected from the theory, a uni-
form growth yields no residual stress and the tumour does not open after the
cut (first column of the table). On the other hand, the greater the difference
in growth between the center and the boundary, the larger the opening length
and consequently the opening angle (from the second column of the table). The
volume is mostly affected by the average value of the growth over the entire do-
main, and not by the heterogeneity. The numerical experiment also shows that
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for 8o % of its diameter. The outer region opens up while the inner one
swells(right), thus distribution of residual stress that goes from compres-
sive to tensile along the radial coordinate.
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Figure 3.9: Tables with experimental measures (top) of cutting experiments (bottom)
for MCF10CA1a breast tumour cells (left) and for MiaPaCa2 pancreatic
tumour cells (right) implanted orthotopically in the mammary fat pad of
nude mice.
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the angle linearly increases with the difference in growth of about 8° every 10
units per mm of growth.

Stress-free

Cut

Symmetry
Symmetry

Figure 3.10: Computational domain and boundary conditions for the 3d numerical
experiment of the opening angle. The “symmetry” label indicates that
the surface is fixed in the normal direction. The vertical cut is 80% of the
diameter deep.

¢(R=0) 45.0 | 44.0 | 43.0 | 42.0 | 41.0 | 40.0
¢2(R = RO) 45.0 | 48.0 | 51.0 | 54.0 | 57.0 | 60.0
opening length [mm] | 0.0 | 0.540 | 1.12 | 1.70 | 2.30 | 2.92
opening angle [deg] | 0.0 | 3.43 | 6.94 | 10.5 | 14.2 | 18.0
volume [mm?] 94.7 | 94.8 | 95.0 | 95.4 | 95.9 | 96.6
Table 3.1: Numerical result of a stepwise increase of the difference in growth between

the center and the boundary of the tumour. The growth function g(R) is
linear in the radial component.

3.2.7 Discussion and concluding remarks

The growth of a tumour spheroid can be controlled using mechanical stress:
when an osmotic pressure is applied at the boundary, the radius of the ag-
gregate grows in time until it reaches an equilibrium volume which inversely
depends on the load. The size control is fully reversible: when traction is re-
leased, the cellular matrix relaxes and returns the original growth curve. The
observation that the intercellular space forms a pore-like structure, that macro-
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Figure 3.11: Current configuration of an unloaded grown sphere with initial radius
of 100 ym. The sphere is azimuthally cut at the final time. The parameters
in the simulation are: T = 2.5days, x = 33.35, « = 37, A = 2.5mm,
yu = 27.0kPa and pp = 5.0kPa. The domain of the numerical simulation
is a quarter of a sphere. For the sake of graphical clarity of the opening
angle, the spherical wedge is combined with its symmetric counterpart.
The body is unloaded but not stress free: the color map represents the
trace of the Cauchy stress tensor. The lowest part of the cut is partially
resew by the swelling.

molecules cannot enter, suggests to represent mechanically the cellular aggre-
gate as a poroelastic material [138]. The evidence of a residual stress leads
to the assumption that the solid phase is hyperelastic: the large compliance
of the cell aggregate is due to the squeezing of the intracellular fluid and the
corresponding reduction of the intracellular space, while the single cells are
much stiffer [141]. Boundary conditions are split accordingly: the osmotic pres-
sure generated by the Dextran solution of the surrounding fluid loads the solid
phase only.

The exponential decay in the pattern of nutrients makes the proliferation pro-
cess of a sufficiently large loaded spheroid inhomogeneous and the generated
residual stress depends on the radial position: it is compressive near the center
and tensional at the periphery [198]. This feature is paradoxical when com-
pared with the usual scenario: large availability of nutrients at the periphery of
the spheroid is expected to favour the proliferation and, therefore, emergence

61



62

of compressive residual stress. The dynamics of tumour growth is apparently
different: tumour cells duplicate (or control their apoptosis) on the basis of
the available nutrients, but their target stress modulates so as to produce com-
pression in regions with small concentration of nutrients. In other words, the
reported radial distribution of residual stress can be explained only admitting
that in the inner regions, where the concentration of nutrients is very small, ma-
lignant cells slow down their apoptotic rate, in agreement with the observations
of Helmlinger et al [106].

After a standard multiplicative decomposition of the tensor gradient of de-
formation to account for growth, we introduce a simple law of biomechanical
feedback, and we are eventually able to explain the observed dynamics. On the
basis of such a conjecture, we were able to reproduce growth profiles of tumour
spheroids for different values of the applied load and the open angles of mice
bearing breast tumours. Particularly for the second result, the solid phase of
mice bearing tumours apart from cells consists also of the extra-cellular matrix,
which can contribute to the development of residual stress. Here the mechani-
cal contribution of all components of the tumour are resumed in the solid phase,
and the growth tensor G accounts also for the possible tensional contribution
due to the elongation of the collagen fibres.

Our mechanobiological model explains the observed smaller asymptotic vol-
ume as a function of increasing osmotic load on the basis of a stress-growth
coupling. At later stages, not covered by the present model, when the radial in-
homogeneity is fully developed, the solid (cellular) component of the spheroid
undergoes a stress per volume fraction larger than a threshold that takes it into
the plastic regime [12]; then cells start flowing centripetally, producing an inter-
nalization of the cells from the periphery to the center of the tumour [73, 65].

3.2.8 Appendix — Stability of the homogeneous solution

The integration of the “stress-modulated growth” illustrated in the previous
section predicts a spatially homogeneous solution, parametrically depending
on the time-dependent growth rate. The growth ¢(R;t) is independent of the
radial position because the stress is the same everywhere. In such a purely me-
chanical setting we now study the stability of the homogeneous solution (3.30)
and (3.35). In other words, the question is whether the spatial inhomogene-
ity observed in grown spheroids could be produced by the mechanobiological
feedback, thus amplifying the spatial perturbations of the stress to yield inho-
mogeneous growth.

To investigate this hypothesis we consider the following perturbation of the
homogeneous solution:

r(Rt) =780(t)R+p(R,t), 78 ()R> p(R, 1) (3-42)
§(R,t) =go(t) +4(R, 1), 8o(t) > 0(R,t) (3-43)
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where 7 and go(t) are solutions of equations (3.31) and (3.34), respectively, and
80(0) =1.

When the perturbed solutions are plugged in equations (3.31) and (3.34) and
only first order terms are retained, the following linear equations are found

/ 3 — A2

(P’+2%> =7 :1 &, (3-44)
5 — 80 80 4,8 \0 2 8 (. P
5_<1+2K 28 4K72>T+3KW3 (o +2R). (3.45)

Derivation of the former equation in space, derivation of the latter in time and
cross substitution yields

o 80,8 _,8 28 3-7\7
5—<1+2K Za 4K72+3K7272+1 p- (3-46)

which determines the evolution in time of the spatial perturbation in the growth
g(t). Instability shows up if

4
ocK'yz(’yz +1) > 290 <(x (1 + 572 — 74> + K’yz ('yz + 1)) , (3-47)

for some 1 < go(t) < g, where 0 < y(pp) < 1.

The result (3.47) is negative versus our conjecture: it predicts a stabilization of
the system for large enough growth go which is not in agreement with experi-
ments. If the purely mechanical system is stable, the reported inhomogeneity
(large proliferation near the boundary, smaller internally) should instead be
explained accounting for the role of nutrients.
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PATTERN FORMATION IN SOFT
MATTER

The main focus of this Chapter is the study of pattern formation in soft bod-
ies. Indeed, large stresses can induce topological transitions in elastic bodies as
a result of the coupling of physical or geometrical non-linearities, leading to a
partial release of the total elastic energy stored inside the bodies.

We first investigate the morphogenetic mechanism behind the tortuosity of
tumour capillaries. In Section 4.1.1, we introduce the morpho-elastic model and
we derive the basic axis-symmetric solution of the corresponding hyperelastic
problem. In Section 4.1.2, we perform a linear stability analysis of the basic
axis-symmetric solution using the method of incremental deformations super-
posed on a finite strain. In Section 4.1.3, we describe the mixed finite element
method that we have implemented to perform the numerical simulations of the
post-buckling behavior. The results of both the theoretical analysis and the nu-
merical simulations are finally discussed in Section 4.1.4, together with some
concluding remarks.

Then, in Section 4.2 we employ the theory of initially stressed materials to
study the morphological stability of a sphere with an arbitrary, radially sym-
metric, distribution of the residual stress. Firstly in Section 4.2.1, we introduce
the hyperelastic model for a pre-stressed material, defining the constitutive as-
sumptions as a function of given distributions of residual stresses. Secondly, in
Section 4.2.2 we apply the theory of incremental deformations in order to study
the linear stability of a pre-stressed solid sphere with respect to the underlying
residual stresses. Finally, in Section 4.2.3 we implement a numerical algorithm
using the mixed finite element method in order to approximate the fully non-
linear elastic solution. In the last Section we discuss the results of the linear
and non-linear analysis, together with some concluding remarks.

Finally, we study the elastic equivalent of the Rayleigh-Taylor instability. In
Section 4.3.1, we define the nonlinear elastic problem and identify its basic so-
lution. In Section 4.3.2, we perform the linear stability analysis of the problem,
deriving the marginal stability curves as a function of the elastic and geomet-
ric dimensionless parameters. In Section 4.3.3, we perform numerical simula-
tions using finite elements for studying pattern formation in the fully nonlinear
regime. In Section 4.3.4, we finally discuss the theoretical and numerical results,
adding a few concluding remarks.

The results of this Section lead to the following publications:

D. Riccobelli and P. Ciarletta. Morpho—elastic model of the tortuous tumour
vessels. International Journal of Non-Linear Mechanics, 107:1 — 9, 2018
D. Riccobelli and P. Ciarletta. Shape transitions in a soft incompressible sphere
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with residual stresses. Mathematics and Mechanics of Solids, 23(12):1507-1524,
2018

D. Riccobelli and P. Ciarletta. Rayleigh-Taylor instability in soft elastic layers.
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engi-
neering Sciences, 375(2093):20160421, 2017

4.1 MORPHO—ELASTIC MODEL OF THE TORTUOUS TUMOUR
VESSELS

In this Section, we aim at modelling the morphogenesis of the tumour vascu-
lar network. After an initial avascular phase, a solid tumour can activate a pro-
cess known as angiogenesis, assembling its own vascular network for opening
a new access to the vital nutrients [130, 3]. These new capillaries are morpho-
logically different from normal physiological vessels. In particular, they have a
much higher spatial tortuosity and an increased permeability [195, 42] forcing
an impaired flow within the peritumoral area. These structural peculiarities
represent a major obstacle for the efficient delivery of antitumoral drugs [117].

Recently, the irregular shape of tumour capillaries has been explained as a
result of an elastic instability. More in general, several works have addressed
the problem of the stability of cylindrical structures subjected to differential
growth and geometrical constraints. In [148], Moulton and Goriely studied the
buckling of an hollow cylindrical tube subjected to a radial and circumferential
differential growth. Subsequently O’Keeffe et al. [158] addressed the problem
of the stability of a solid cylinder growing along the axial direction, embedded
into an elastic inert matrix and confined between two parallel, rigid planes. The
stability of residually stressed cylindrical structures has been further studied by
exploiting an alternative approach, prescribing the residual stress field instead
of the growth tensor [140, 60].

In [15] Araujo and McElwain have proposed a model of the growth induced
residual stress in solid tumors, assuming that the buckling of capillaries is in-
duced by the stress applied by the tumor on the vessel. A seminal morpho-
elastic model of this biological process has proved that an incompatible growth
process of the tumor intertium can explain the buckling of capillaries [136] but
not as easily their tortuosity. The aim of this work is to study the stability of
a growing hyperelastic hollow cylinder taking into account for the linear elas-
tic constraint of the surrounding interstitial matter. Contrarily to the work of
MacLaurin et al. [136], here we assume that the buckling of the tumour capil-
lary is not triggered by the growth of the surrounding tissue but by the growth
of the vessel wall.
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4.1.1  The elastic model

Let the reference configuration of the elastic body be the open set (g C R?
such that

Qo ={X =(Rcos®, Rsin®, Z) | Ri < R<R,and 0 < Z < H)},

representing the wall of the tumor capillary, composed by the endothelium and
the basement membrane [89], where R, ® and Z are the cylindrical coordinates
of the material point X. We denote by Er, Eg and Ez the orthonormal vector
basis in a cylindrical reference system.
We indicate by () the deformed configuration of the elastic tube and the
mapping by
@:Qp— Q

such that #(X) = ¢(X) — X is the displacement vector and F = Grad¢ = g—;’g
be the deformation gradient.

The volumetric growth of the body is enforced by introducing a multiplica-
tive decomposition of the deformation gradient [126, 128, 181], as follows

F = FeG

so that G describes the metric distortion induced by the growth and F. is the
elastic deformation of the material restoring the geometrical compatibility of
the current configuration.

We assume that the material is hyperelastic and incompressible, since the
tissue constituents are mostly made of water. Denoting by ¢ its strain energy
density per unit volume, the first Piola—Kirchhoff and the Cauchy stress tensors
read

_ oY(FG 1) -1
P = det 62— — pF
1

- detF

(4.1)

T FP

where p is the Lagrangian multiplier that enforces the incompressibility con-
straint detFe = 1.

Assuming quasi-static conditions in absence of external body forces, the bal-
ance of the linear and of the angular momentum reads

DivP=0inQy or divT =0inQ (4.2)

where Div and div denote the divergence operator in material and current
coordinates, respectively.
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The nonlinear system of equations (4.2) is complemented by the following
boundary conditions

(PTN =0 for R = R;

PIN = —uu forR=R,

PIN.-Eg=0 forZ=0H (4-3)
PIN-Eg =0 forZ=0H

uy =0 forZ=0H

where N denotes the outer normal in the Lagrangian configuration and py is
the linear elastic stiffness of the outer peritumoral tissue. Since the intercapil-
lary distance is much bigger than the characteristic diameter of the capillary,
we indeed assume that the outer tissue exerts a linear elastic response that is
simplified by an isotropic spring foundation.

4.1.1.1  Constitutive assumptions and basic axis-symmetric solution

We assume that the tube is composed of an incompressible neo-Hookean
material, thus the strain energy ¢ is given by

¥ (F) :%(11 —3) = g (A2 + 73 +13-3) (4-4)

where [ is the trace of the right Cauchy-Green tensor C = F'F and A; are the
eigenvalues of the deformation gradient. We can write the Cauchy stress tensor

(4.1) as

T =uFG G TFT —pl (4-5)
where | is the identity tensor. We further assume that the growth tensor G has
the form

G =diag(1, 1, v), (4.6)

so that the elastic tube grows along the axial direction. We look for a solution
of the form
¢(X) =r(R)ER + ZEz.

We denote by r; = r(R;) and r, = r(R,). For the sake of simplicity, in the fol-
lowing we omit the explicit dependence of r on the variable R. The deformation
gradient is given by

F = diag (r’, % 1) 4-7)

Considering the equations (4.6) and (4.7), the incompressibility constraint
detF. = 1 leads to the following differential equation

r'r =9R (4.8)

so that

. \/7(R2 — R2) 472, (4.9)
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By enforcing the global incompressibility constraint in Eq.(4.9), we get

ro = \/7(R2 — R2) + 2. (4.10)

The inverse of Eq. (4.9) reads:

so that, from (4.8), we get:

;AR Y () 2R
= — = .
r

. (4.11)

From (4.5), (4.6) and (4.7) the Cauchy stress tensor reads
T =Tre, ®e, + Topeg X eg + Trze; @ e

where e;, ey and e, constitute the local orthonormal vector basis of the actual
configuration in cylidrical coordinates and

Tr(r) = P”’Q - b
2

T
Tg@(]’) = ]’lﬁ - p/
1
Ty (r) =u— —p.
(r) v

In cylindrical coordinates, the balance of the linear and angular momentum
(4.2) reads
dTy + Ty — Tog
dr r

=0; (4.12)

with the following boundary conditions (4.3):

{Trr(O) =0 forr=r

R (4.13)
T (ro) = _kao(ro —R,) forr=r,
o

Making use of (4.13), we can integrate the equation (4.12) from r = r; to
¥ = o, Obtaining

To —
yk$(7’0 _ RO) _ / TI’T(V) , TQG(V) dr,

so that, together with the equation (4.10), we obtain an equation for r; which can
be solved numerically if we fix the ratio R,/R; and the axial growth parameter

.
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Finally, we integrate the equation (4.12) from r; to r in order to determine the
Lagrangian multiplier p, so that

p = pur'’? —l—/ Tir(s) = Tools) ; ng(s)dS.

The latter integral can be computed analytically, obtaining

1 RZ — 2
p(r) = ST <’Y1r271 —log (72 e 'yRiz) +2log(r)+

YR2 . (4.14)
+ R 2log(ri) +log (YR7) +1) .

i

Thus, we have found a basic axis-symmetric solution of the boundary value
problem, that is given by Eqgs.(4.9,4.14)

In the following, we study its marginal stability as a function of the control
parameter y denoting the local volumetric growth along the axial direction.

4.1.2 Linear stability analysis

In this Section we study the linear stability of the finitely deformed tube by
using the method of incremental deformations superposed on a finite strain
[156].

We rewrite the incremental boundary value problem into a more convenient
form called Stroh formulation and we implement a numerical method based
on the impedance matrix method to solve it.

4.1.2.1  Incremental boundary value problem

We denote the incremental displacement field du. Let I' = grad du, we intro-
duce the push-forward of the incremental Piola—Kirchhoff stress in the finitely
deformed configuration of the axis-symmetric solution, that is given by

O0Pog=Ap: T+ pl —dpl, where (Ap: r)ij = AOijhkrkhr (4.15)

where Ay is the fourth order tensor of instantaneous elastic moduli, dp is the
increment of the Lagrangian multiplier that imposes the incompressibility con-
straint, and the convention of summation over repeated indices is adopted.

The components of the tensor Ay for a neo-Hookean material, are given by

Aoijuk = #0ji(Be)in = uopdin(A5)
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where B, = FcF!, A¢ are the eigenvalues of the tensor F. = FG1. Considering
the growth tensor (4.6),the deformation gradient (4.7) and the equation (4.11),
such eigenvalues are given by

(o) R
)\1:7’: p ’
r Yr
)\S:—: P
A e R
1
A = —.
T

The incremental form of the balance of the linear momentum and of the
incompressibility constraint are given by

(4.16)

divéPy =0, in Q),
trl =0 in Q.

This system of partial differential equations is complemented by the follow-
ing boundary conditions

(6PTe, =0 forr =
oPTe, = —yk$(5u for r =1,
o
oPe, e, =0 forz=0,H (4.17)
oPTe, - eg =0 forz=0H
ou, =0 forz =0, H.

where e,, ey and e; is the vector basis in cylindrical coordinates in the actual
configuration.

To implement a robust numerical method, we employ a method which is
different to the one used in [158] where the authors studied the stability of
a growing solid cylinder surrounded by an elastic tube. We reformulate the

boundary value problem given by the equations (4.16)—(4.17) by using the Stroh
formulation.

4.1.2.2 Stroh formulation

We denote with 1, v and w the components of éu in cylindrical coordinates.To
reduce the system of partial differential equations (4.16) to a system of ordinary
differential equations, we assume the following ansatz [136]:

u(r, 6, z) = U(r) cos(mf) cos(kz),
v(r, 0, z) = V(r) sin(mb) cos(kz),
w(r, 0, z) = W(r) cos(mb) sin(kz),
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where m € IN and k € R with kK > 0.
Following the method exposed in [22], we consider the components 0Py, dPyg
and 6P,, as additional unknowns. We assume then that

0P (7, 0, z) = prr(r) cos(mb) cos(kz), (4.18)
OPy(r, 8, z) = pye(r) sin(mb) cos(kz), (4.19)
0Py, (1, 6, 2) = prz(r) cos(mf) sin(kz). (4.20)

We substitute (4.18) into (4.15) obtaining the following expression for ép:

_yul'(r) (’yRi2 (r2 + 3riz) + rzriz (—log (r2 — riz + ’yRiz) +2log(r) — 2log(r;) + log ('ny)))
B 2r2y2
1

op

n 3’Wul(7)(;r; 1) (r+n)

We introduce the displacement-traction vector # as

= prr(r)

u=1[u,v,wj,
n=[U,rT] where (4.21)
T = [prrr Pro, Prz] .

By using a well-established procedure [197], exploiting the incremental con-

stitutive relations (4.15), we can rewrite the incremental system of partial differ-

ential equations (4.16) as
dy _ 1

= Ny (4.22)

where N € R®*® is the Stroh matrix; the expressions of its components are
reported in the appendix. In particular, we can identify four sub-blocks

[Ny N
N= [Ns NJ

such that N; € R¥® and Ny = —NI, N =NI, N;=NI.

4.1.2.3 Impedance matrix method

The system of ordinary differential equations gien by Eq. (4.22) is numer-
ically solved using the impedance matrix method [32, 33]. We introduce the

matricant
Mq(r, r;) Ma(r, 17)
M(r, r;) = ,
(r.mi) [M3(7, ri) Ma(r, i)

called conditional matrix. Such a matrix is a solution of the problem

M € IR6><6

d 1
{drM(r' 1) = ;NM(Y, i), (4-23)

M(Ti, 1’1) = 1.

It is easy to verify that the solution of the Stroh equation (4.22) is given by

n(r) = M(r, ri)n(r;). (4.24)
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Since T(r;) = 0, exploiting the relation (4.24), we can define the conditional
impedance matrix Z(r, ;) [155] as

Z(r, r;) = Ma(r, )M (7, 7). (4.25)

For the sake of simplicity we omit the explicit dependence of Z on r and ;.
Such a matrix satisfy the following relation

rT=2ZU  Vre (ry,1o).

Thus, we can observe that the Stroh system (4.22) can be written as

au 1
- = ;(Nl +NoZ)U, (4.26)
dz au 1

We now can substitute (4.26) in (4.27) obtaining a Riccati differential equation

dz 1
= = (N3 +N4Z = ZN; — ZN;2); (4-28)

As a starting condition, considering (4.23) and the definition of surface impe-
dance matrix (4.25), we set
Z(Vi, T’i) =0.

The boundary condition in (4.17) linked to the presence of the springs at

r = 1, can be written as
R

T=—u—
23 Py u
so that
(Z+ R, HU =0

Non-null solutions of the incremental problem exist if and only if

det (Z + pxR,1) = 0. (4-29)

For a fixed value of the control parameter v we integrate the Riccati equation
(4.28) from r = r; up to r = r, making use of the software MATHEMATICA
(ver. 11.2, Wolfram Research, Champaign, IL, USA). We iteratively increase the
control parameter -y until the stop condition (4.29) is satisfied.

4.1.2.4 Marginal stability thresholds and critical modes

In this Section we discuss the results of the linear stability analysis.
Setting pr = 0, we neglect the elastic contribution of the surrounding matter,
thus dealing with a classical problem of Euler buckling. The corresponding
marginal stability curves are depicted in Fig. 4.1, in quantitative agreement
with the results obtained by Goriely and co-workers [96]. As expected, the
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Figure 4.1: Marginal stability curves kR, versus v when the elastic constant of the
springs is yy = 0, the aspect ratio ay is equal to 0.5 (top) and 0.8 (bottom).
The circumferential wavenumber m varies from 0 (light line) up to 4 (dark
line), the arrow denotes the direction in which m increases.

marginal stability threshold tends to v = 1 for m = 1 and k tends to zero, i.e.
the critical mode is the one with infinite wavelength along the axial direction.
the presence of an elastic foundation at the outer surface of the capillary dras-
tically changes this limiting behavior of Euler buckling. The elastic boundary
value problem is governed by the following the dimensionless parameters:

_ R R;
F=kR, ap=Mlo =

where k represents the dimensionless axial wavenumber, «j is the ratio between
the surface and bulk elastic energies, and ay is the geometrical aspect ratio of
the tube.

The radius of a tumour capillary measures 5.1 = 0.7 ym while its length 66.8 &=
34.2 ym [129]. Thus, for a given length L, the admissible axial wavenumber k
are given by

k= nn% neN
for the sake of simplicity, in the following we consider k continuous since the
slenderness ratio is small.

In Fig. 4.2 we report the marginal stability curves when a; = 0.01. These
marginal stability curves tend to the ones plotted in Fig. 4.1 where kR, is large.
However, a different behavior arises in the limit where kR, tends to zero, espe-
cially since the marginal stability threshold y now goes to infinity for m = 1.

This effect is even more evident by setting a; = 1, as sketched in Fig. .

For each fixed value of the dimensionless parameter «y, we define the critical
value 7 as the minimum value of the marginal stability curves « versus k for
all the circumferential wavenumber m. The corresponding axial and circumfer-
ential critical modes are denoted by ke and My, respectively.

We plot the critical modes in Fig. 4.4 for two different values of the aspect
ratio, ag = 0.5 (left) and 0.8 (right). In both cases the critical axial wavenumber
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Figure 4.2: Marginal stability curves k versus v when a; = 0.01, the aspect ratio ag
is equal to 0.5 (top) and 0.8 (bottom). The circumferential wavenumber m
varies from 0 (light line) up to 4 (dark line), the arrow denotes the direction
in which m increases.
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Figure 4.3: Marginal stability curves k versus 7 when a; = 1, the aspect ratio ay is
equal to 0.5 (top) and 0.8 (bottom). The circumferential wavenumber m
varies from 0 (light line) up to 4 (dark line), the arrow denotes the direction
in which m increases.
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Figure 4.4: Plots of the critical wavenumbers m¢ and ke versus ay for ag = 0.5 (left)
and ar = 0.8 (right).
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Figure 4.5: Plots of the critical values of the control parameter 7., versus ay for ag =
0.5 (left) and ag = 0.8 (right).

ke is increasing as a; increases, highlighting discrete changes of the critical
circumferential wavenumber.

Also the critical value of the control parameter . is an increasing function
of the dimensionless parameter ay as shown in the plots of Fig. 4.5.

We also compute the dimensionless critical load T that is applied on the top
surface in order to enforce the torsion through the application of a surface
traction at the tube top and bottom ends. Let S = {X € 0 | Z = H}, this
critical load is given by:

where ., is the marginal stability threshold and L, = 7R,/ ke is half of the
critical wavelength.

In Fig. 4.6 we plot T versus a; for ag = 0.5 and 0.8. In both cases, the
critical load is a decreasing function of &y, so the presence of the outer elastic
confinement has a stabilizing effect, whilst thinner tubes always require lower
critical loads.
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Figure 4.6: Plots of the dimensionless critical load T vs a; for ag = 0.5 (left) and
xg = 0.8 (right).

4.1.3 Post-buckling behaviour

In order to study the behavior of the buckled configuration far beyond the
marginal stability threshold, we have implemented a finite element code to
discretize and numerically solve the fully nonlinear boundary value problem

given by (4.2)-(4.3).

4.1.3.1  Finite-element implementation

To break the axial symmetry of the problem, we numerically solve the bound-
ary value problem only on half cylinder whose height is half of the critical axial
wavelength:

QC:{X:(X,Y,Z)‘Z?<\/X2+Y2<1OO<Z<I~(7TﬂY>0}.
(0]

cr

where k. is the critical dimensionless wave-number arising from the linear
stability analysis presented in Section 4.1.2 and (Ex, Ey, Ez) is the cartesian or-
thonormal vector basis. We discretize this domain by using a tetrahedral mesh
composed by 93398 elements. We used the Taylor-Hood P,—P; element, i.e. the
displacement field is given by a continuous, piecewise quadratic function while
the pressure field by a continuous, piecewise linear function. The choice of this
particular element is motivated by its stability for non-linear elastic problems
[18]. Since we have only considered a half tube, we complement the boundary
conditions (4.3) by adding the following equations

PTEy-Ex =0 forY =0,
PTEy-E; =0 forY =0,
uy =0 for Y = 0.
The numerical algorithm is based on a Newton continuation method [188],

the control parameter y being incremented starting from 1 with an automatic
adaptation of step if the Newton method does not converge.
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Figure 4.7: Bifurcation diagram where we show the dimensionless parameter Al/R,
versus the control parameter v when a; = 0.01, ag = 0.5. The numerical
simulation is validated against the marginal stability threshold computed
with the linear stability analysis (orange triangle, v = 1.1103).
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Figure 4.8: Actual configuration of the buckled tube for ¥ = 1.2 (left), v = 1.5 (center),
v = 1.89 (right) when a; = 0.01, ag = 0.5. In such conditions 7 = 1.1103.

In order to follow the bifurcated branch, a small perturbation is imposed at
the outer boundary of the cylinder according to the critical mode arising from
the linear stability analysis [41, 188]. The amplitude of such an imperfection is
set to 0.005 R,.

The method is implemented in Python through the open source computing
platform FEniCS [134]. As a linear algebra back-end we used PETSc [20], the
linear Newton iteration is solved in parallel through MUMPS [13].

4.1.3.2  Numerical results

In this Section we show the results of the numerical simulations for ag = 0.5
and a; = 0.01. In this case, the critical mode is given by ke = 044, me = 1 and
the critical threshold is vy = 1.1076.
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Figure 4.9: Actual configuration of the buckled tube for 7 = 1.89. We can notice that
the lumen is minimum where the tube has maximum curvature.

We define Al as the average integral of the displacement along the direction
Ex on the top surface S, namely

Al = JsxdS
(R — R})

Such a quantity represents a measure of the displacement of the top surface
of the half-cylinder in the direction orthogonal to the axis of the cylinder and
parallel to the plane Y = 0. Since we broke the axial symmetry of the problem
by considering an half cylinder only, this is the only plane of symmetry.

In Fig. 4.7 we plot Al/R, versus <y. The numerical results are in agreement
with the numerical outcomes, this bifurcation diagram highlights the presence
of a supercritical pitchfork bifurcation.

We show the actual configuration of the elastic tube for several values of the
control parameter -y in Fig. 4.8. In all the cases, there is a thinning of the tube
and a reduction of the lumen in the regions where the curvature is higher as
shown in Fig. 4.9.

The numerical method does not converge near the theoretical marginal sta-
bility threshold if &y is large, probably because the bifurcation becomes subcrit-
ical. The improvement of the numerical algorithm is beyond the scope of this
work; future works will aim at implementing an arclength continuation method
which can also capture the behavior of subcritical bifurcations.

If we consider a tube of length 47/ ke =~ 28.55 with a; = 0.01 we obtain
a slenderness ratio which is compatible with the experimental measurements
[129]. In Fig. 4.10 we plot the evolution of the tortuosity of the capillary, we
observe again that the lumen is minimum in regions where the curvature of
the cylinder wall is maximum.
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Figure 4.10: Deformed configuration when «; = 0.01, H/R, = 477 /ke ~ 28.55 and
v = 1,12,15,1.89. The corresponding marginal stability threshold is
given by e = 1.1103.

4.1.4 Discussion and concluding remarks

In this Section, we have proposed a morpho-elastic model of the tortuous
shape of tumour vessels.

In Section 4.1.1, we have assumed that the tumour capillary is composed of a
incompressible neo-Hookean material, and it behaves as a growing hyperelastic
tube that is spatially constrained by a linear elastic environment, representing
the surrounding interstitial matter. We have modeled the growth by using the
multiplicative decomposition of the deformation gradient, assuming an incom-
patible growth along the axial direction, due to the spatial confinement applied
at both ends.

In Section 4.1.2, we have derived a linear stability analysis on the basic axis—
symmetric solution using the method of incremental deformations superposed
on finite strains [156]. In order to build a robust numerical method, we ex-
ploited the Stroh formulation and the impedance matrix method in order to
reduce the incremental boundary value problem to a differential Riccati equa-
tion (4.28).

The control parameter of the bifurcation is the axial growth rate 7y, whose
critical value is governed by two dimensionless parameters ag and «j, repre-
senting the geometrical aspect ratio and the ratio between the energy exerted
by the surrounding matter and the bulk strain energy of the capillary, respec-
tively.



The results of the linear stability analysis are collected in Figures 4.1—4.6.
Slender capillaries are found having a lower threshold of marginal stability. On
the contrary, when increasing a; we find that the overall axial traction load ex-
erted at the tube ends also increases, finding the Euler buckling as the limiting
behavior for ay — 0 [96]. Interestingly, we find that the linear elastic constraint
of the surrounding matter favours the occurrence of short-wavelength critical
modes, thus explaining the tortousity of the observed tumour vessels.

The post-buckling behavior is studied implementing numerical simulation
using a mixed finite-element method. The numerical algorithm is based on
a Newton based continuation method with an adaptive increment of the con-
trol parameter. We considered a physiological geometry for a tumour cap-
illary from referenced literature. The corresponding numerical simulation is
validated against the linear stability threshold, showing that the bifurcation is
supercritical, as depicted in Fig. 4.7. The emerging morphology of the buckled
vessel is illustrated in Figs. 4.8-4.10. The tortuousity of the capillary is also
characterized by lumen restrictions in the localised regions where the capillary
reaches its maximum curvature. This suggests that the elastic bifurcation trig-
gers a significant change in the flow properties inside the vessel.

In summary, the results of this Section show that the tortuosity of the tumour
vascular network is mainly driven by the elastic confinement of the interstitial
matter where it is embedded. The emerging short-wavelength buckling is simi-
lar as the one observed for micro-tubules immersed in the cytosol [37] and for
a growing solid cylinder surrounded by an inert elastic tube [158]. We remark
that modelling the interstitial matter with linear springs is a very simplificative
assumption. Thus, future developments will focus on taking into account for
the nonlinear response of the tumour interstitium, possibly including the pres-
ence of residual stresses. Moreover, we will investigate the nonlinear effects of
the simultaneous buckling of several neighboring capillaries in different spa-
tial networks. The continuation method in numerical simulations shall also be
improved in order to compute the full bifurcation diagram. [188, 82]. Finally,
introducing an elastic-fluid coupling will allow us to quantify how the capillary
tortuosity influences the inner fluid transport, possibly leading to new insights
for optimizing drug delivery withing solid tumors [19, 47].

4.1.5 Appendix — Expressions of the components of the Stroh matrix

The expression of the sub-block N; of the Stroh matrix is given by

-1 —m —kr
Ny = %mvl % +log(r) —log(r;) 0
%krvl 0 0

where

< —r2 +2r"2R%2 + 12

v = AR2 +2log(r) — 210g(ri)> .
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The sub-block N, reads

0 O 0
N, = |0 r,%y 0
0 0 =
Finally the sub-block N3 is given by
Ny Ngp Ny
N3 = |Ns Ns2 Ns3
Niz Ns3 Nes
where
K2ur? (<r4 —2(42R2 +12) 2 + (2r?R> + riz)z) mz) i
Ny = 2 412R4 T
(kzr2 (=12 4+ 2r"?R> + riZ)z — 4r?R? (3r"2R? + rlz)) i
* 4r"2R4 *
pu (2r"2R? — ¥'2 (m? + k*r?) (log(r) — log(ri))R?) (log(r) — log(ri))
+ = +
pu ((m?+Kk22) (r* = 2r?R? —12)) (log(r) — log(r1))
_l’_
R2
mu (—r* +2 (42 R? 4+ 12) r> + 8" R* — 1})
N = 4R *
i (4R log() ~log(r)) (208 (r) ~log(r)) K2 + (r ~r)(r + 1)))

472 R4

kru (—1’2 +4¢2R2 4 ”12 +212R?(log(r) — log(ri)))

N =
43 IR2

2r2 + (m? — 1) r? K2r?
R T
N u(log(r) —log(ry)) (r* + 21> (m* — 1) R* — 12 4+ r"?R?(log(r;) — log(r))) N

RZ

Ns; = (3m2 — 1) ur'? +

(=) p
4y2R4

N kmry (=12 + 3r"2R? + 12 4+ 2r"2R?(log(r) — log(ri)))
53 =
R2

(R (4 328 4 ) 7))
_l’_
RZ,YZ
2 (2r2R%7*(log(r) — log(r;) )k + m?~?)
+
RZ,),Z

Ng3z =




4.2 SHAPE TRANSITIONS IN A SOFT INCOMPRESSIBLE
SPHERE WITH RESIDUAL STRESSES

As exposed in Section 3.2, inhomogeneous growth processes generate resid-
ual stresses in solid tumours. More in general, residual stresses result from
the presence of microstructural misfits, for example after plastic deformations
(e.g. in metals) or thermal processes (e.g. quick solidification in glass). In-
deed, it is well acknowledged that there exists a mechanical feedback in many
biological processes. Living tissues can adapt their structural response to the
external mechanical stimuli by generating residual stresses either in physiolog-
ical conditions (e.g. within arteries or the gastro-intestinal tract [53, 74, 213])
or pathological situations (e.g. solid tumors [198, 72, 10]). Moreover, residual
stresses can accumulate reaching a critical threshold beyond which a morpho-
logical transition is triggered, possibly leading to complex pattern formation,
such as wrinkling, creasing or folding [131, 57].

Several studies about mechanical instabilities in soft materials with a spher-
ical shape have been carried out in the last decades. The stability of spherical
elastic shells has been studied with respect to the application of an external
[214, 211] or internal pressure [108, 103]. More recently, the influence of resid-
ual stresses on stability in growing spherical shells [26] as well as in spherical
solid tumor [55] has been addressed.

Residual stresses are classically modeled by exploiting the theory of elastic
distortions, i.e. decomposing multiplicatively the deformation gradient [181].
The main drawback of this method is the necessity of the a priori knowledge of
the relaxed state, since it is not often physically accessible [75]. Indeed, from an
experimental viewpoint, its determination would require several cuttings (ide-
ally infinite) on the elastic body in order to release all the underlying residual
stresses.

Instead, in this Section we employ the theory of initially stressed materials
to study the morphological stability of a sphere with an arbitrary, radially sym-
metric, distribution of the residual stress.

4.2.1  The elastic model

Let us consider a soft residually-stressed solid sphere composed of an incom-
pressible hyperelastic material in a reference configuration Q C 3, where E3
is the three-dimensional Euclidean space. We use a spherical coordinate system
in the reference configuration so that the material position vector is given by

X = (Rsin(®) cos(®), Rsin(O) sin(P), R cos(O))

where R is the radial coordinate, ® is the polar angle and ® is the azimuthal
angle.
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We define the domain ) as the set such that
Q={XeE|R<R,},

so that R, is the radius of the solid sphere. We indicate with eg, e and eq the
local orthonormal vector basis.

4.2.1.1  Constitutive assumptions

Indicating with x = ¢(X) the spatial position vector, so that ¢ is the deforma-
tion field, we assume that the strain energy density of the body 1 is a function
depending on both the deformation gradient F = Grad ¢ and the Cauchy stress
¥ in the reference configuration (i.e. the residual stress [109]):

y=9y(F, x), (4.30)

as previously proposed in [161, 189].
Hence, the first Piola—Kirchhoff stress tensor P and the Cauchy stress tensor
T are given by

P(F, X) = Zilf (F, ) —pF 1, T(F,X)=FP (4.31)

where p is the Lagrangian multiplier that enforces the incompressibility con-
straint detF = 1.
Hence, the fully non-linear problem in the quasi-static case reads

DivP = 0. (4.32)

where Div denotes the divergence operator in material coordinates; the bound-
ary conditions are
PTer =0 when R = R, (4-33)

where u(X) = ¢(X) — X is the displacement vector field.
When we evaluate the Piola-Kirchhoff stress in the reference configuration,
we obtain the residual stress ¥, i.e. setting F equal to the identity tensor | in

Eq. (4.31), we get

h)
r= ain (I, X) = pol; (4-34)

this relation represents the initial stress compatibility condition [189, 97, 98], where
po is a scalar field corresponding to the pressure field in the unloaded case.

Moreover, since ¥ is the Cauchy stress tensor in the reference configuration,
the balance of the linear and the angular momentum impose

DivY =0, y=xT inQ, (4-35)

together with the following boundary conditions

ZRR = Z@R = Z@R =0 for R = RO. (436)
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From Egs. (4.35)-(4.36), it is possible to prove that [110]

A;ZdD%X):O,

so that the residual stress field must be inhomogeneous, with zero mean value.

We also assume that the strain energy density depends on the choice of the
reference configuration only through the functional dependence on ¥. Thus,
we impose the initial stress reference independence (see [97, 98] for further details),
reading

P (FiF2, ) = (F1, T(F2, X)) . (4.37)

The Eq. (4.37) must hold for all second order tensor Fi, F, with positive
determinant and for all the symmetric tensors 3.

The general material with a strain energy given by Eq. (4.30), such that the
material behaviour is isotropic in absence of residual stress, i.e. for ¥ = 0, may
depend up to ten independent invariants [189].

A simple possible choice for the strain energy density which satisfies both
the initial stress compatibility condition and the initial stress reference indepen-
dence is the one corresponding to an initially stressed neo—Hookean material. The
strain energy of such material is constructed so that if a virtual relaxed state
exists [119], then it naturally behaves as a neo-Hookean material with a given
shear modulus p. In the following we briefly sketch how this strain energy is
obtained (see [97] for a detailed derivation).

Let us introduce the following five invariants:

try)? —try?
Il = tr C, ]1 = tr (ZC) ’ I):l = tr Z, Izz == (I')ZI" 123 = det Z,
where C = FTF is the right Cauchy-Green tensor.

Assuming that the material behaves as an incompressible neo-Hookean body,

its strain energy density is given by

$(F, ) = L(tr(BC) - 3), (4:38)
here C is the right Cauchy-Green strain tensor, F is the deformation gradient
from the virtual unstressed state to the reference configuration, B = FF' and u
is the shear modulus of the material in absence of residual stresses.

So, substituting Eq. (4.38) in Eq. (4.31), the initial stress ¥ is given by

Y =puB—pl (4-39)

Imposing the incompressibility constraint on the deformation gradient F, we
get det(uB) = u® = det(X + pI). Thus, p is the real root of the following
polynomial:

P+ pPIs1+ Pl + Iss — p° = 0. (4-40)
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Hence, multiplying Eq. (4.39) by C on the right and taking the trace on both
sides, we obtain

tr(SC) = utr(BC) — pl,. (4-41)

Substituting Eq. (4.41) in Eq. (4.38), we obtain the strain energy of an initially
stressed Neo-Hookean body:

1 -
(I, N, Is1, Iz, Is3) = E(h +ph —3u). (4-42)
where 7 is the only real root of Eq. (4.40). It is given by [97]

1 T
p=—|Tz3+——1Is1],
p 3[3+T3 21}

where

Ty = 1%, — 315y,
9
2

T3 = f/w/Tzz—Tf—Tz.

In this setting, it is possible to prove that the pressure field in the reference
configuration is given by p = 7 [97].

In the following, we use symmetry arguments to discuss a few possible
choices for the distribution of the residual stresses.

27
T, =13 — ~Isilso + > (Is3 — 1%),

4.2.1.2 Residual stress distribution

We assume that the residual stress ¥ depends only on the variable R. Hence
the system of equations given by Eq. (4.35) reduces to

ox. 2
{ RR 4 Z(Zrr — Zeo) = 0,

oR R
YRre = XRrod = Xoo = 0;

(4-43)

Then, being f(R) the radial component of the residual stress, the tensor X is
given by

Y = diag (f(R), gf’(R) + f(R), %f’(R) +f(R),)

where f : [0,R,] — R is such that f(R,) = 0 in order to satisfy automatically

Eq. (4.43).
In the following, we will focus on two possible choices for the function f:

R —RP
case (a) : f(R) = ap o (4-44)

0

”
case (b) : f(R) = au (Ii) log <11;O> , (4-45)
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Figure 4.11: Plot of the radial (solid line) and hoop (dashed line) residual stress com-
ponents normalized with respect to « ;t when f(R) is given by Eq. (4.44)
(left) f(R) is given by Eq. (4.45) (right). Both the dimensionless parame-
ters B and 7y are set equal to 2.

where &, f and -y are real dimensionless parameters with , v > 1. The corre-
sponding residual stress components are depicted in Fig. 4.11.

In the next Section we apply the theory of incremental deformations in order
to study the stability of the residually stressed configuration with respect to the
magnitude of the underlying residual stresses expressed by the dimensionless
parameters a, B and 1.

4.2.2 Incremental problem and linear stability analysis

4.2.2.1  Structure of the incremental equations

In order to study the linear stability of the undeformed configuration with
respect to the intensity of the residual stresses, we use the method of the incre-
mental elastic deformations [156]. We denote with du the incremental displace-
ment vector and with I' the gradient of the vector field éu, namely I' = Grad du.

The linearized incremental Piola—Kirchhoff stress tensor reads

6P = A} : T+ pl —ql (4.46)

where g is the increment of the Lagrangian multiplier p and
2

. G B
OF;:0Fy, |, "

with A being the fourth order tensor of the elastic moduli, and summation
over repeated subscripts is assumed.
From Eq. (4.42) and following [189], we get

Abiine = O (29,1, 6 + Tan),

where §;; is the Kronecker delta the comma denotes the partial derivative.
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Hence, the incremental equilibrium equation is given by

DivJéP =0, (4-47)

and the boundary conditions read

SPTer =0 at R = R,. (4.48)

The incompressibility of the incremental deformation is given by the con-
straint

trl =0. (4.49)

We assume an axis-symmetric incremental displacement vector given by
ou =u(R, ®)er +v(R, O)ep.

This choice is motivated by the fact that, imposing a general incremental dis-

placement vector, the resulting governing equations in the azimuthal direction

decouple [214, 211], thus not influencing the linearized bifurcation analysis.
Hence, the incremental displacement gradient is given by

u,e —0

u, 0
! u +Rv,@
0 0 u+ cot(®)v
R

In order to build a robust numerical procedure to solve the incremental
boundary value problem, we first rewrite Eqgs. (4.47)-(4.49) using a more conve-
nient form, known as Stroh formulation.

4.2.2.2 Stroh formulation

Since the residually stressed material is inhomogeneous only in the radial
direction, we study the bifurcation problem by assuming variable separation
for the incremental fields [154], namely

u(R, ®) = U(R)Py(cos®), (4-50)
1 dPy(cos ®)
mm+1) dO
OPRr(R, ®) = sgr(R)Py(cos ®), (4.52)
1 dPy,(cos @)
mm+1) dO

(4.51)

(R, ©) = V(R)

0Pro(R, ®) = sge(R) (4-53)

where P, (©) denotes the Legendre polynomial of order m.
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In order to write the incremental boundary value problem Egs. (4.47)-(4.49) in
the Stroh formulation, we introduce the displacement-traction vector #, defined
as

T R

An expression for g is found by substituting Eq. (4.46) in Eq. (4.52), so that

q = Pm (COS(®)) (u,<R) (zlprh +f(R> + p) - 5PRR<R)) . (454)

Thus, using a well established procedure [197], we can use the definition of
the linearized incremental Piola—Kirchhoff given by Eq. (4.46), the incremental
equilibrium equations given by Eq. (4.47) and the linearized incompressibility
constraint Eq. (4.49) to obtain a first order system of ordinary differential equa-
tions, namely

ZZ = %Nm (4-55)

where N(R) is the Stroh matrix which has the following structure

(N1 Nz
N= <N3 —NlT) ’
where the sub-blocks read:

—2R J/m(m+1)R
Ny = _ y/m(m+1)pR pR , N2

FR)+2¢,1, FR)+2¢,1,
Na — V1 2
3 Vo V3 ’

The expressions for the coefficients v1, 1, and v3 are given by:

Il
VRN
o O
s
=
+|—=
N
N2
~_—

~ R2((2¢,1, +£(R))(4(m? + m+6)ip,1, +(m? +m + 2)Rf'(R) N
2(2¢,;, +£(R))
+Z(m2 +m+6)f(R)+12p) — 2m(m +1)p?)
2(2¢,1, +£(R)) ’
R*/m(m +1) (p* = 2,1, +f(R)) (84,1, +Rf'(R) +4f(R) +3p))
2,1, +£(R) ’
_ R2(2¢1 +f(R)) (m(m +1) (84,1, +Rf'(R) +4f(R)) +2(2m(m +1) —1)p) N
22, +£(R))
2R2p?
2(2¢,1, +£(R))

V1

Vp =

V3

In the next Section, we solve the Eq. (4.55) by using the impedance matrix
method.

89



90 | PATTERN FORMATION IN SOFT MATTER

4.2.2.3 Impedance matrix method

Let us briefly sketch the main theoretical aspects of this method [32, 33]. We
define a linear functional relation between U and T, namely

R’T = 7U. (4.56)

where Z is the so called surface impedance matrix.
By substituting Eq. (4.56) in Eq. (4.55), we obtain

au

== ﬁ(Nlu + NoZU), (4.57)
dz au 1
TRUAZ = 25 (NsU + NuZU). (4.58)

Thus, by substituting Eq. (4.57) in Eq. (4.58), a Riccati differential equation is
found for Z, being

dz 1

= (Ns = NJZ - 2Ny — ZNZ). (4-59)

Let now us define M as the solution to the following problem

dR
M(R,, Ry) = I.

d N
{M(R, R,) — ﬁM(R/ Ro) =0 (4.60)

where the matricant M(R, R,) is a 4 x 4 matrix, called the conditional matrix.
Since M is the solution of the problem given in Eq. (4.60), from Eq. (4.55) it is
straightforward to show that

7(R) = M(R, Ro)y(R,). (4.61)
Let us split the conditional matrix into four blocks as

Mi(R, R,) My(R, R,)

M = .
M3(R, Ro) My(R, Ro)

(4.62)

We can use two possible ways to construct the surface impedance matrix,
either the conditional impedance matrix Z°(R, R,) or the solid impedance matrix
Z°(R) [155].

In fact, considering that T(R,) = 0 and by using the Egs. (4.61)-(4.62), we can
define the conditional impedance matrix as Z°(R, R,) := M3(R, Ry)M; LR, R,).
Such a matrix is called conditional since it depends explicitly on its value at
R =R,.

Conversely, the solid impedance matrix does not depend explicitly on its
value at one point, but instead it ensures that the surface impedance matrix is
well posed at the origin.
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Following [155], we consider a Taylor series expansion of the solid impedance
matrix Z°(R) around R = 0, namely

Z°(R) = Zo + Z1R + o(R), (4.63)

where 7 is called central impedance matrix.

From the Eq. (4.59), the solid impedance matrix is well posed at the origin
only if the central impedance matrix satisfies the following algebraic Riccati
equation:

N3(0) — NJ (0)Zo — ZoN1(0) — ZgN2(0)Zo = 0;

whose general solution is given by

Zy = de1 R e, 6 e R (4.64)

By substituting Eq. (4.63) in Eq. (4.59) and setting R = R, < 1, we obtain the
following algebraic Riccati equation

0 = N3(R.) — N (R.)Zo — ZoN1(R;) — ZoNa(R.)Zo — R2Z1Np(R.)Z1+

R R
—R.Z; <N1(Rc) +No(Re)Zo + 2C|> — R, (NlT(RC) + ZoNo(R,) + 2CI> y4)

(4.65)

whose stable solution is the only one such that the eigenvalues of

R
—R. <N1(Rc) + N2 (Re)Zo + 2C|> — R2Ny(R)Z4

are all negative [58].

In summary, the surface impedance method allows us to avoid the direct
resolution of the boundary value problem given by Egs. (4.47)-(4.49) by using a
numerical integration of the Riccati equation given by Eq. (4.59).

4.2.2.4 Numerical procedure and results of the linear stability analysis

The aim of this Section is to implement a robust numerical procedure to ana-
lyze the onset of a morphological transition as a function of the dimensionless
parameters &,  and <y representing the magnitude and the spatial distribution
of the residual stresses.

The solution of the incremental boundary value problem can be obtained
by a numerical integration of the differential Riccati equation (4.59) using two
different procedures.

First, the differential Riccati equation in Eq. (4.59) can be integrated from R,
to R, with starting value

Z°(Rc) = Zo+ RcZy, (4.66)
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given by the solid impedance matrix in Eq. (4.63).
Using Eq. (4.66), we numerically solve Eq. (4.59) by iterating on the value «
in Eqgs. (4.44)-(4.45), starting from 0 until the stop condition

detZ*(R,) =0, (4.67)

is reached, namely when the impedance matrix is singular and the incremental
Egs. (4.47) and (4.49) admit a non-null solution that satisfies Eq. (4.48).

A second approach consists in integrating Eq. (4.59) by using the condi-
tional impedance matrix Z°(R, R,). Since from Eq. (4.61) it can be shown that
M(R,, R,) = |, the definition of the conditional impedance matrix given by
Eq. (4.60) allows us to set the following initial condition:

Z°(Ry, R,) = 0. (4.68)
Analogously, we iteratively integrate Eq. (4.59) until the stop condition

det(Z°(Re, Ro) — Zo — Z1R,) = 0 (4-69)

is reached. This condition corresponds to the existence of non-null solutions
for the variable U by imposing the continuity of the incremental stress vector
T at R = R..

In both cases, in order to find the incremental displacement field, we perform
a further integration of Eq. (4.57) using the procedure described in [69].

The two numerical schemes were implemented by using the software Math-
ematica 11.0 (Wolfram Research, Champaign, IL, USA) in order to identify the
marginal stability curves as function of the dimensionless parameters «, f and

v.

CASE (A): EXPONENTIAL POLYNOMIAL CASE Let us first consider the case in
which the expression of f(R) is the exponential polynomial given by Eq. (4.44).
We use the initial condition given by Eq. (4.66).

We find out that the stop condition given by Eq. (4.67) is satisfied only for
negative values of a, namely we can find an instability only if the hoop resid-
ual stress is tensile close to the center and compressive near the boundary of
the sphere. Moreover, the results are independent on the choice of the § in
Eq. (4.64).

For fixed B and m, let a;, be the first value such that the stop condition
Eq. (4.67) is satisfied, we define the critical wavenumber ., as the wavenumber
with minimum |a,,| and we denote such a critical value with a.,. In Fig. 4.12
(left) we depict several marginal stability curves for various  whilst in Fig. 4.12
(right) we plot the critical wavenumber vs. . We highlight that, as we increase
the parameter B, the critical wavenumber m,, also increases with a nearly linear
behavior.

In Fig. 4.13 we plot the solution of the linearized incremental problem for § =
3 where m = m, = 7 (see Fig. 4.12 (right)) and we observe that wrinkles appear
in the outer shell of the sphere, where the hoop residual stress is compressive.
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Figure 4.12: Marginal stability curves for the residually stressed sphere where f(R) is
given by the Eq. (4.44), showing the critical a vs. the wavenumber m (left)
and the critical wavenumber ., vs. B (right).
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Figure 4.13: Solution of the linearized incremental problem for p =3 and m = m¢, =7
where f(R) is given by the Eq. (4.44). The amplitude of the incremental
deformation has been arbitrarily set 0.15 R, for the sake of graphical clar-

ity:

CASE (B): LOGARITHMIC CASE Let us now consider the case in which f(R) is
given by Eq. (4.45). We find that the residually stressed sphere is unstable for
both positive and negative values of .

When we consider positive values for the control parameter «, we integrate
the differential Riccati equation given by Eq. (4.59) from R = R,, using the
initial condition given by Eq. (4.68), and using the stop condition at R = R,
given by Eq. (4.69).

On the other hand, when « is negative, we use as the initial condition the
Eq. (4.66) and as stop condtion the Eq. (4.67). This means that we integrate the
Riccati equation from the interior to the exterior.

Let us first consider the case in which a is negative, namely when the hoop
stress is compressive at the boundary (see Fig. 4.11). In this framework in
Fig. 4.14 (left), we depict several marginal stability curves for various 7y, whereas
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Figure 4.14: Marginal stability curves for the residually stressed sphere where f(R) is
given by the Eq. (4.45), showing the critical positive a vs. the wavenumber
m (left) and the critical wavenumber m, vs. 7 (right).
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Figure 4.15: Solution of the linearized incremental problem for v = 2 and m = m. =
10 where f(R) is given by the Eq. (4.45). The amplitude of the incremen-
tal deformation has been arbitrarily set 0.15 R, for the sake of graphical
clarity.

in Fig. 4.14 (right) we plot the values of the critical wavenumber vs. the param-
eter . As previously observed, by increasing v, also the critical wavenumber
mc, increases with a nearly linear dependence.

In Fig. 4.15 we plot the solution of the linearized incremental for y = 2, where
m = me = 7 (see Fig. 4.14, right); as in the polynomial case, we can notice how
wrinkles appear in the outer rim of the domain, where the hoop residual stress
is compressive.

We perform the same calculations for the case in which & is positive. In
Fig. 4.16 we depict the resulting marginal stability curves for various y and m.

In Fig. 4.17 we plot the solution of the linearized incremental problem for
v = 2 and m = m., = 3. We highlight that the displacement is localized in the
center of the sphere whereas the exterior part remains almost undeformed.
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Figure 4.16: Marginal stability curves for the residually stressed sphere where f(R) is
given by the Eq. (4.45), showing a;, vs. the wavenumber m (left) and -y
(right). The black dashed curves on the right is the plot of the a¢; vs. 7.

Figure 4.17: Solution of the linearized incremental problem for v = 2 and m = m =3
where f(R) is given by the Eq. (4.45). The amplitude of the incremental
deformation has been arbitrarily set 0.15 R, for the sake of graphical clar-

ity.

Also in this case, we found that all the results exposed are independent of
the chosen value of ¢ in Eq. (4.64).

In the next Section, we implement a finite element code in order to investigate
the fully non-linear evolution of the morphological instability.

4.2.3 Finite element implementation and post-buckling analysis

4.2.3.1  Mixed finite element implementation

We use a mixed variational formulation of the problem implemented with the
open source project FEniCS [134]. Let B be a semicircle and B = (0,1) x (0, )
as depicted in Fig. 4.18. We define ¢ : B — B as the mapping that associates
each point in B with the point in R? such that the two components are the
normalized radial distance R/R, and the polar angle ®. Hence, denoting by
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Lle)
R/R, Xl

Figure 4.18: Representation of the conformal mapping between the physical domain
B and its conformal image 3, defined through the coordinate transforma-
tion in Eq. (4.70).

Xy and X, the first and the second coordinates respectively and by e; and e;
the canonical unit basis vectors, we get that

X1 = REI X, = 0. (4.70)

0

We solve the nonlinear problem using a triangular mesh B, obtained through
the discretization of the set B. The mesh is composed of 14677 elements, 7519
vertices and the maximum diameter of the cells is 0.033.

We use the Taylor-Hood elements P;-P;, discretizing the displacement field
by using piecewise quadratic functions and the pressure field by piecewise
linear functions. The Taylor-Hood element is numerically stable for linear elas-
ticity problems [34] and has been used in several applications of non-linear
elasticity [16].

In order to study the behavior of the bifurcated solution in the post-buckling
regime, we impose a small imperfection on the mesh at the boundary [60]
with the form given by Egs. (4.50)-(4.51), where m is the critical wavenumber
obtained from the linear stability analysis and the amplitude is of the order of
107%.

We impose as boundary conditions

u, =0 if X; =0,
u,-e;=0and ey - P,{ez =0 if X, =0o0r X, =1, (4.71)
Pfe1 =0 if X =1;

where u, is the discretized displacement field and P, the discretized first Piola—
Kirchhoff stress tensor.

The problem is solved by using an iterative Newton-Raphson method whilst
adaptively incrementing the control parameter a. The code automatically ad-
justs the increment of this parameter either near the marginal stability threshold
or when the Newton method does not converge.
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Figure 4.19: Plots of the ratio Enum/Etheor (left) and the normalized buckling am-
plitude Ar/R, (right) versus the control parameter «. The numerical
results are in good agreement with the theoretical instability threshold
aer = —4.9084 (red square marker).

Each step of the Newton—Raphson method is performed using PETSc as a
linear algebra back-end and then the linear system is solved through an LU
decomposition.

4.2.3.2 Results of the finite element simulations

CASE (A): EXPONENTIAL POLYNOMIAL CASE  We first show the results for the
case in which f(R) is given by Eq. (4.44). We denote by Enum the total strain en-
ergy of the deformed material, and by Eyeor the theoretically computed strain
energy of the undeformed sphere, namely in the reference configuration. We
remark that the strain energy density in the undeformed reference configura-
tion may not be zero. Indeed, setting F = | in (4.42), it is easy to check that
the energy density vanishes only if ¥ = 0. Thus, the presence of pre-stresses
is physically related to the fact that some mechanical energy is already stored
inside the material.

In Fig. 4.19 (left) we plot the ratio between E,um and Eneor VS. « when p = 1.1;
the mode of the imperfection applied on the mesh is the critical one my = 2,
we also computed the amplitude of the pattern, defined as

Ar = Ro, ©®) — min 7,(R,, ©),
r @rg[gﬁ]rh(o ) @rg&]rh(o )

where 1y, is the discretized deformation field in the radial direction (Fig. 4.19
(right)). We observe that there is a smooth increase of such an amplitude when
the control parameter is lower than a.,. When performing a cyclic variation of
the control parameter, decreasing a first and then increasing it to zero, both the
amplitude of the wrinkling and the energy ratio do not encounter any disconti-
nuity and they both follow the same curve in both directions.
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Figure 4.20: Comparison between the ratios Enum/ Etheor V. the wavenumber m. The
squares denote the thresholds &, computed in the previous Section.
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Figure 4.21: Plot of the deformed configuration when f(R) is given by Eq. (4.44), B =
1.1, = =5.62 and m = m¢ = 2 (top); « = —5.55 and m = 4 (bottom). The
color bars indicate the norm of the displacement ||u;|| (left) and the trace
of the Cauchy stress tensor normalized with respect to the shear modulus
u (right). On the right we depict a 3D representation of the deformed
sphere.

Since ., is very close to the other values a,, in Fig. 4.20 we compare the
energy ratio also for the cases in which the wavenumber of the imperfection is
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Figure 4.22: Ratio between Enum/Etheor Versus the control parameter a(Left) when
f(R) is given by Eq. (4.45) for v = 1.1 and m = m = 2. We performed
a cyclic variation of the control parameter a (right), first increasing it be-
yond the linear stability threshold (green solid line) and then decreasing
it down to the initial value (orange dashed line). In both plots, the red
squares denote the threshold ay = 48.60 computed in the previous Sec-
tion.

not the critical one, specifically m = 3 and m = 4. We can observe that there is
a continuous decrease of such a ratio when the threshold «,, is reached. From
the picture we can also notice that there is no intersection of the curves that
represent the ratio of the energies, thus suggesting the absence of secondary
bifurcations.

Setting B = 1.1, in Fig. 4.21 we depict the deformed configuration of the
sphere when & = —5.62, when m = my = 2 (top) and « = —5.55 when m = 4
(bottom), with the color bar we indicate the norm of the displacement ||u||
(left) and the trace of the Cauchy stress tensor Tj, normalized with respect to
the shear modulus y (right).

CASE (B): LOGARITHMIC CASE  We performed the same numerical procedure
for simulating the logarithmic case.

We considered the case in which a is positive. From the linear stability anal-
ysis we expect that the instability is localized in the interior part of the sphere
(Fig. 4.17).

Let v = 1.1, in Fig. 4.22 we plot the ratio Enum/Etheor at varying a. We
performed a cyclic variation of the control parameter «, first increasing it and
then decreasing it down to zero Fig. 4.22 (right). We highlight the presence of
both a jump across the linear threshold and hysteresis, thus highlighting the
presence of a subcritical bifurcation. The linear stability threshold is in good
agreement with the theoretical prediction, given that subcritical bifurcations
have a higher sensitivity to imperfection than supercritical ones.
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Figure 4.23: Plot of the deformed configuration when f(R) is given by Eq. (4.45), v =
1.1, « = 58.8 and m = me = 2. The color bars indicate the norm of the
displacement ||uy,|| (left) and the trace of the Cauchy stress tensor (right).
On the right we depict a 3D representation of the deformed sphere.

In Fig. 4.23 we show the deformed configuration of the sphere when a = 58.8
for v = 1.1, where the color bars indicate the norm of the displacement ||uy,||
and the trace the Cauchy stress tensor T, normalized with respect to the shear
modulus p.

We remark that we obtain small numerical oscillations of the displacement
field near the center of the sphere in the fully nonlinear post-buckling regime.
These errors eventually get amplified during the computation of the stress field,
and the numerical solution no longer converges. In some cases, we observed
that the Newton method failed to converge for some different values of the
parameter 7y when « is just beyond the marginal stability threshold a.,. The
improvement of the numerical continuation method is outside the scope of
this work, but we acknowledge that a different approach, e.g. using scalable
iterative solvers and preconditioners [83], could improve the stability of the
numerical solution in the post-buckling regime.

4.2.4 Discussion and concluding remarks

This Section investigated the morphological stability of a soft elastic sphere
subjected to residual stresses.

In the first part, we modeled the sphere as a hyperelastic material by intro-
ducing a strain energy depending explicitly on the deformation gradient and
on the initial stress [97, 98]. In this way, we can avoid the classical deformation
gradient decomposition [181] which has the drawback of requiring the a priori
knowledge of a virtual relaxed state.

Secondly, we described the residual stress fields by using a function f(R) that
denotes the radial component of the residual stress. This function depends on
the dimensionless parameters «, 8 and 7y, where « is the normalized intensity



of the residual stress whereas  and -y describe the spatial distribution of the
residual stress components within the sphere.

We investigate two possible distributions of the radial residual stress f(R),
one based on a polynomial function, the other on a logarithmic one. We denote
these two choices as case (a) and (b) respectively.

We performed the linear stability analysis in both cases by using the theory
of incremental deformations superposed on the undeformed, pre-stressed con-
figuration. In order to solve the incremental boundary value problem, we used
the Stroh formulation and the surface impedance matrix method to transform
it into the differential Riccati equation given by Eq. (4.59) [154] .

We integrated numerically the resulting incremental initial value problem by
iterating the control parameter until a stop condition is reached, in order to find
the marginal stability thresholds. We found out that the morphological transi-
tion occurs in the region where the hoop residual stress reaches its maximum
magnitude in compression.

In the case (a) we find an instability only for a < 0, whilst in case (b) we
find an instability for both a positive and negative. In this latter case, when a
is positive the instability occurs in the inner region of the sphere whereas if a
is negative it is localized in the external region. The results of such analysis are
reported in Figures 4.12-4.17.

Finally, we implemented a numerical procedure by using the mixed finite
element method in order to approximate the fully non-linear problem. After
the validation of the numerical simulations obtained by the comparison with
the results of the linear stability analysis, we analyzed the resulting morphology
in the fully non-linear regime.

In the case (a), the instability is localized in the external part of the sphere
where the hoop residual stress is compressive. The continuous transition from
the initial configuration to the buckled state indicates that the bifurcation is
supercritical.

In the case (b), the instability is localized near the center of the sphere when
the parameter a« > 0. In contrast to the previous case, the bifurcation is found
to be subcritical, thus suffering a jump across the linear stability threshold. The
results of these simulations are reported in Figures 4.19-4.23.

Future efforts will be directed to improve the proposed analysis either by
implementing of a fully 3D numerical model in order to study the secondary
bifurcation that might appear in the azimuthal direction or by accounting for
the presence of material anisotropy, a major determinant for the residual stress
distribution in living matter, e.g. tumor spheroids [72].

In summary, this Section proposes a novel approach that may provide useful
guidelines for engineering applications. For example, it may be of interest for
achieving a nondestructive determination of the pre-stresses in soft spheres.
Whilst the currently used method consists in cutting the material and infer-
ring the residual stresses through the resulting deformation [198], the proposed
model explicitly correlates both the mechanical response of the material and its
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morphology with the underlying distribution of pre-stresses. Moreover, the
proposed static analysis based on the Stroh formulation can be easily adapted
to solve the corresponding elasto—dynamic problem in a solid sphere [154, 59].
Thus, we will derive the dispersion curves governing the propagation of time-
harmonic spherical waves of small amplitude as a function of the residual stress
components. This theoretical prediction will be used to feed a nonlinear inverse
analysis for determining the pre-stress distribution using elastic waves, e.g. by
ultrasound elastography [137, 132].

Furthermore, our results may provide useful insights for designing mechan-
ical meta-materials with adaptive morphology. Indeed, it would be possible
to fabricate soft spheres in which the magnitude of the pre-stresses can be
controlled by external stimuli, such as voltage in dielectic elastomers [38] or
solvent concentration in soft gels [205]. Digital fabrication techniques offer a
low cost alternative for printing materials with a targeted distribution of resid-
ual stresses [219]. Thus, morphable spheres can be obtained by modulating the
residual stresses around the critical value of marginal stability. Dealing with
pre—stressed neo-Hookean materials, the results of this Section are particularly
relevant for controlling the transient wrinkles that form and then vanish during
the drying and swelling of hydrogels [135, 27]. Other applications range from
adaptive drag reduction [204] to the pattern fabrication on spherical surfaces

[196, 39].

4.3 RAYLEIGH—TAYLOR INSTABILITY IN SOFT ELASTIC LAY-
ERS

The study of pattern formation in soft solids has highlighted some similar-
ities, yet several relevant differences, with the instability characteristics of hy-
drodynamic systems, although their boundary value problems are intrinsically
different. For example, if the surface tension in a thin fluid filament triggers the
formation of droplets, which spontaneously break down [171], such a dynam-
ics can be stabilised by elastic effects in soft solid cylinders [145], thus driving
the emergence of stable beads-on-a-string patterns [201]. Similarly, whilst fin-
gering at the interface of two immiscible viscous fluids is an unstable process
[185], stable digitations may occur after a subcritical bifurcation for a fluid push-
ing against an elastic surface [187] and at the interface between a thin elastic
layer adhering to a glass plate [92]. A compressible hyperelastic tube subjected
to a circular shear can exhibit bifurcations reminescent to the classical Taylor-
Couette patterns appearing in the motion of viscous fluids [88].

Another interesting example is the gravity-induced instability in an elastic
layer attached to a rigid substrate with a traction-free surface facing down-
wards. Contrarily to gravity waves in a fluid layer, the free surface experiences
fluctuations that eventually saturate when the large deformations store an elas-
tic free energy of the same order as the corresponding variation of the potential
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energy. Piriz et al. studied the problem for a linear elastic material [166]. The
linear stability analysis of this problem for a nonlinear elastic solid has been re-
cently performed [146], then refined to consider the effect of an applied strain
on the elastic layer [133]. Nonetheless, this problem had been previously solved
using numerical techniques [18], often being used as a test case to study the
stability of discrete solutions, obtained by means of mixed finite element tech-
niques [16, 17]. More recently, also the weakly non-linear and the 3D numerical
post-buckling analysis have been performed [49].

Since Rayleigh [172] and Taylor [203], it is well known that the horizontal
interface between one fluid layer put on top of a lighter one is unstable to
perturbation of long wavelength, i.e. bigger than the capillary length, forming
protrusions growing with a characteristic time. However, if one takes surface
tension into account, the growth of small wavelength protrusions is inhibited
by capillary effects, thus larger wavelength drops grow and eventually drip
[84]. In Chapter 4.3, we aim at studying this kind of gravity instability in a soft
system made of two heavy elastic layers attached on one end to a rigid surface.
In particular, we are interested in characterizing both pattern formation and its
nonlinear evolution, determining the interplay between elastic and geometric
effects for the emergence of a given pattern.

4.3.1  The non-linear elastic problem and its basic solution

In a Cartesian coordinate system with unit base vectors E;, withi = (X, Y, Z),
we consider a soft body made of two hyperelastic layers, as sketched in Fig-
ure 4.24.

Let [E® be the three-dimensional Euclidean space, the body occupies a domain
Q) C I3, having a thickness H along the Y axis and a length L along the X axis,
with L > H. We also consider that the body is infinitely long along the Z
direction, so that a plane strain assumption can be made, hence

Q=(0,L) x (0, H) xR

The body is clamped to a rigid substrate at Y = 0, so that its volume () can
be split in the two subdomains (), and ), occupied by the constituting layers,
such that:

0, ={XeQ|0<Y < H,},
0, ={XeQ|H, <Y<H},

where X is the material position vector, H, and H; are the thicknesses of the
layers.

Indicating x = x(X,Y) the spatial position vector, the kinematics is described
by the geometrical deformation tensor F = Grad x. We also assume that the
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layers behave as incompressible neo-Hookean materials and the strain energy
density of each layer is given by

Wg(F) = % (L —2) — p(detF —1), B = (a, b); (4.72)

where I is the trace of the right Cauchy-Green tensor C = F'F and p is the
Lagrangian multiplier enforcing the internal constraint of incompressibility.
Using the constitutive assumption in Eq. (4.72), the first Piola-Kirchhoff stress
tensor P reads:
oW, _
Pp= 0 = mgFT —pF Y, p=(ab).

Assuming quasi-static conditions, the balance of linear momentum for the
elastic body subjected to its own weight reads:

DivPg +psg =0  inQg, where = (a, b); (4.73)

where Div is the material divergence, p, and p, are the densities of the layers,
g = gEy, is the gravity acceleration vector.

In the following we aim to provide a unified analysis of the two configu-
rations depicted in Figure 4.24. For the sake of notational compactness, we
consider that a positive g represents the body hanging down a rigid wall (Fig-
ure 4.24a), and a negative ¢ the body placed on top of a rigid substrate (Fig-
ure 4.24b).

The two boundary conditions at the fixed substrate and at the free surface
read

PTEy =0 forY =H,
EY . PZ;EX = O fOI‘ X = (0; L)/ﬁ == (ﬂ, b)
(4.74)
u=0 forY =0,
u-Ex =0 for X = (0, L);
Y

L g

Top layer

Bottom layer

b L
Y

(@) g>0 (b) g <0

Figure 4.24: Sketch of the material setting in two different configurations. Case (a):
the body hangs below on a fixed rigid wall, thus being subjected to a
tensile gravity force along Y (left). Case (b): the body is placed on top of a
rigid substrate, thus being subjected to a compressive gravity force along
Y (right).
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where u# = (x — X)) is the displacement vector field. The elastic boundary value
problem is finally complemented by the following displacement and stress con-
tinuity conditions at the interface between the two layers, respectively

Iim u= lim u,
Y—H, Y—HS

lim PIEy = lim P]Ey.
Y—H; Y—H;

(4.75)

The boundary value problem Egs. (4.73)—(4.75) admits a basic solution given
by

(4.76)

u=0 _ ta +pag(Y — Hy) —ppgHp for 0 <Y < H,,
- N iy +ppg(Y — H) for H, <Y < H;

so that no basic deformation is allowed by the incompressibility constraint, and
the body is subjected to a hydrostatic pressure linearly dependent on Y. We
also highlight that the pressure field in Eq. (4.76) is discontinuous if p, # py or

Pa # Op-

4.3.2 Linear stability analysis of the basic solution

4.3.2.1  Incremental equations

We now aim at investigating the stability of the basic elastic solution Eq. (4.76)
using the method of incremental deformations superposed on a finite strain
[156].

Let us perturb the basic configuration by applying an incremental displace-
ment Ju, if we set 0F = Grad du, the linearised incremental Piola-Kirchhoff
stress tensor is

5Ps = AL : 6F + poF —sp1 for B = (a, b);
where
BZWﬁ
aFjiaFkh
is the tensor of instantaneous elastic moduli, | is the identity tensor, ép is the

increment of the Lagrangian multiplier p and the two dots operator (:) denotes
the double contraction of the indices, namely

*W,
B _ B. : B _
Ay = SEOF with ‘AOijhk =

(.A(ﬁ) . 5F)1] = ‘AgijhkéFkh'

Recalling that the basic solution is undeformed, the incremental incompress-
ibility and equilibrium equations read, respectively

DivéPg =0 in Qg, with g = (a, b), (4.77)
Divéu =0 in Q. (4.78)
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The incremental counterparts of two boundary conditions at the fixed sub-
strate and at the free surface may be rewritten as, respectively

5PEEY =0 forY =H, (4.79)
Ey-0PEEx =0 for X =(0, L), B = (a, b), (4.80)
ou=20 forY =0, (4.81)
ou-Ex =0 for X = (0, L). (4.82)

Similarly, the incremental versions of the displacement and stress continuity
conditions at the interface read:

lim éu = lim éu, (4-83)
Y—H; Y—H;

lim 6PTEy = lim 0P]Ey. (4.84)
Y—H; Y—H;S

In the following, we derive the solution of the incremental boundary value
problem given by Egs. (4.77)-(4.84).
4.3.2.2 Solution of the incremental boundary value problem

Let us now assume an ansatz by variable separation in the expression of the
incremental displacement, namely

du = U(Y)sin(kX)Ex + V(Y) cos(kX)Ey, (4-85)

where k is the horizontal spatial wavenumber. We recall that such a functional
dependence along the X direction suitably describes both the infinite geometry,
for which k is a continuous variable, and a finite length L, so that k = 27in/L
with integer mode n.

From Eq. (4.78) we get that

kU(y) = =v'(Y). (4.86)
From the first component of Eq. (4.77) we obtain the expression for dp as
6p = cos(kX) (ppgV(Y) — ugV'(Y) + k 2ugV"”(Y)) in Qp with B = (a, b).

(4.87)
By substituting Egs. (4.86) and (4.87) in the second component of Eq. (4.77),

we obtain the following ordinary differential equation:
V"(Y) =22V (Y) + KV (Y) =0, (4.88)
which is valid for both layers and whose solution is given by:

V(Y) = Cige ™ + CopYe ™™ + Cape™ + CapYe® inQp, p=(a,b). (489)
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Hence, setting

T
C1a Csq Cip wi. Cab
v = |22 Cop, =2, Cugy —2, Cyp, e2KHa =30 p2kHa 0
Hu s C2a, Hg 7 “das Ha 7 “2bs Ha ’ 4b

we impose the conditions given in Egs. (4.79)—(4.84), we find 8 linear algebraic
equations in the unknowns vj, j = (1,...,8), so that we can write such system
in the compact form Mv = 0 where M is the 8 x 8 coefficients” matrix. Hence,
we find that a non-null solution of such linear system exists if and only if

detM = 0; (4-90)
The full form of M is reported in the Appendix 4.3.5.

4.3.2.3 Results of the linear stability analysis

Let us now discuss the results of the linear stability analysis by making use
of the following dimensionless parameters:

H H
’)/:paga 14 :717 14 :&,

Ob 7
, , Ny = —, k = H,k.
Ha " H, T P “

Qa

A great simplification arises if we set both #, = 1 and &, = 1 or if we impose
ay = 0in Eq. (4.90), so that the body is made of a single homogeneous slab. In
particular, we recover the same expression reported in [146]:

2
pghi _ 2KH (2 (kH)? + cosh(2kH) + 1) |
Ha sinh(2kH) — 2kH ’

highlighting that an elastic bifurcation occurs for the critical value P;%H ~ 6.22
with critical wavenumber kH ~ 2.11.

Let us now analyse the resulting solutions when &, = 1, namely assuming
that the body force is the same for both layers. In the case in which a;, # 1 or
apy # 1, we find only one root of equation Eq. (4.90). In Figure 4.25 we depict
the resulting marginal stability curves varying the parameters «;, and ay.

We denote by 7., the critical value of v, i.e. the minimum value of the
marginal stability curve obtained fixing ayy and a;,. We denote by k the criti-
cal wavenumber, namely the value of k for which the marginal stability curve
has a minimum. All the critical values of the marginal stability curves have
been found by using the Newton’s method with the software Mathematica 11.0
(Wolfram Research,Champaign,IL, USA).

In Figure 4.26 we plot the critical values ‘., and k¢, when varying ay and a.
We find that <., strongly depends on &, and ay. In Figure 4.26a we find that if
we increase the parameter &, the critical value -, also increases, so that high
values of a, have a stabilizing effect. On the contrary, in Figure 4.26c we find
that if we increase ap the critical value ., decreases. We highlight that, if ay
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tends to zero we obtain that ., ~ 6.22, which is the single layer limit discussed

4 Y
10’ 10,
o Unstable 8 Unstable
6l sl a,

a

4l H al

2l ol

Stable ; Stable )
I T e e I E—
(a) ¢y = 0.5 (b) ap =1

Figure 4.25: Marginal stability curves showing the order parameter 7 versus the hor-
izontal wavenumber k for p, = p, and: (a) ay = 05, (b) ay = 1. The
curves are shown at varying ay (a) and &, (b) from 0.6 to 2 by steps of
0.2, the arrow indicates the direction in which the parameter grows.
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Figure 4.26: Plot of the critical Valugs of (a) 7y¢r versus ay at varying H; (b) yer Versus
ap at varying ay; (c) ko, versus ay, at varying ap; (d) ke versus ap at
varying . The arrows indicate the direction in which the parameters ay
(a,b) and &y, (c,d) grow from 0.6 to 2 by steps of 0.2.
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before. The same limit is found for &, tending to zero, since it represents the
case in which the bottom layer in Figure 4.24a becomes infinitely soft. The
critical wavelength is always of the same order of the body thickness, resulting
to be more influenced by the parameter ay if a;, > 1, as we can notice from
Figures 4.26b and 4.26d.

The case in which a, = 1 is of particular interest in the applications because
it is reproducible in experiments using hydrogels. In fact, these soft materials
are mainly composed of water, thus having a density which is of the order
of 103 kg/ m?. Nonetheless, by small variation of the crosslink concentration,
it is possible to obtain a shear modulus y ranging from 100 Pa to 10 kPa. For
example, if we consider two hydrogel layers with H, = H), (Figure 4.25b), where
the clamped one has y, = 300 Pa and the other y;, = 600 Pa, we find that
Yer = 4.4366. Accordingly, an instability would appear at H, > payer/ (pg) =~
13.57 cm.

The general case in which «, # 1 is a bit more complex, in fact Eq. (4.90) can
be written in the following compact form

v’ +oy+ea=0 (4.91)

where the coefficients c1, ¢ and c3 depend on ay, &y, &p and k, as reported in
the Appendix 4.3.6.

Even if their expressions are very cumbersome, we can still make some gen-
eral observations. In fact we observe that ¢; does not depend on Xp whereas,
if we fix the other variables, c3 has a different sign if a, > 1 orif 0 < a, < 1.
Hence, one of the two real roots of Eq. (4.91) changes sign if we consider a, > 1
or0<a, <l

Thus, we make a distinction in the following between these two cases, which
physically correspond to the two configurations depicted in Figure 4.24.

CASE (A): FREE SURFACE INSTABILITY (Y > 0) The configuration shown
in Figure 4.24a undergoes a morphological transition if Eq. (4.91) possesses at
least a positive root for v, since we assume g > 0.

In Figures 4.27 and 4.28 we depict the marginal stability curves (k) when
we vary the parameters ap, ap and a, in Eq. (4.91). In this case, we find that
the instability is localised at the free boundary of the slab, i.e. at Y = H.

We can observe that we have the same behaviour discussed for the case a, =
1: if we increase the parameter a;, we obtain a stabilization of the system (i.e.
Yer increases) whereas if we decrease oy we have instability for lower values of

Y.

CASE (B): INTERFACIAL INSTABILITY (7 < 0) Conversely, the configuration
shown in Figure 4.24b undergoes a morphological transition if Eq. (4.91) pos-
sesses a negative root for -, since we assume g < 0. As previously discussed,
this happens only if a, > 1, meaning that the top layer is heavier than the bot-
tom one. Thus, this case is the elastic analog of the Rayleigh-Taylor instability.
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As found in fluids, the instability is concentrated at the interface between the
layers and decays away from it.

In this configuration, we define the critical value 7, as the maximum of the
marginal stability curve v(k) for fixed ap, oy, and ap.

In Figure 4.29 we set &) = 2 and we plot the marginal stability curves for
several values of the parameters ay and «,. Also in this case we highlight that
increasing the parameter «, stabilizes the system, whereas an increase of the
parameter apy favours the onset of the interfacial instability.

In the next Section, based on the results of the linear stability analysis, we
build the simulation tools for studying the fully nonlinear morphological tran-
sition.

4.3.3 Post-buckling analysis

In this Section we numerically implement the fully non-linear problem given
by Egs. (4.73)-(4.75). We finally report the results of numerical simulations for
the two cases under considerations, highlighting the morphological evolution
of the emerging patterns in the fully nonlinear regime.

4.3.3.1  Finite element implementation

The boundary value problem is implemented by using the open source tool
for solving partial differential equations FEniCS [134]. In order to enforce the
incompressibility constraint, a mixed formulation has been chosen. If the two
layers have different stiffness or mass density, the pressure field may present
a discontinuity at the interface between the two layers, according to the basic

Unstable

ay

Unstable
Ay

Stable
Stable ‘ ‘ 3 ‘ ‘ ‘

0 1 2 3 4 0 1 2 3 ﬁ‘l
(@ ag=1,a,=05 (b)ag =1, a,=2

Figure 4.27: Marginal stability curves showing the order parameter 7 versus the hori-
zontal wavenumber k for ay; = 1 and: (a) ap = 0.5, (b) ap = 2 where &,
varies from 0.4 to 2 by steps of 0.2. In (a) we find two positive solutions
(solid and dashed lines) of equation Eq. (4.91) whereas in Figure (b) we
only find one positive solution.
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Figure 4.28: Marginal stability curves showing the order parameter <y versus the hor-
izontal wavenumber k for ay = 1 and: (a) ap = 0.5, (b) ap = 2 with ay
varying from 0.6 to 2 by steps of 0.2. In (a) we find two positive solutions
(solid and dashed lines) of equation Eq. (4.91) whereas in Figure (b) we
only find one positive solution.

solution Eq. (4.76). Accordingly, we used the element P,—Py [34] in numerical
simulations.

This element discretizes the displacement with piecewise quadratic functions
and the pressure field with piecewise constant functions, so that we can cor-
rectly account for a discontinuous pressure field. It is also numerically stable
in linear elasticity [34] and it has been successfully used in several non-linear
applications [16, 18].

We use a rectangular mesh whose height is H = 1 and whose length is the
critical wavelength A = 27tH,/ kcr, where k., is the critical value arising from
the previous linear stability analysis and depending on «,, g and «;,. We set
u = 0 at Y = 0 and we impose periodic boundary conditions at X = 0 and

4 | | | | 7( v | | | | i(
1 2 3 4 1 2 3 4
_5[ -5¢ Stable
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-25F -25}F
Unstable Unstable
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(@ag=1a,=2 b)ay=10a,=2

Figure 4.29: Marginal stability curves showing the negative root of the order parame-
ter <y versus the horizontal wavenumber k for ap =2 and: (a) ay = 1 with
ay varying from 0.4 to 2 by steps of 0.2; (b) a;, = 1 with ayy varying from
0.6 to 2 by steps of 0.2.
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X = A. The number of elements used depends on the length of the mesh, the
maximum number of elements used is 30000.

In order to investigate the post-buckling regime, we impose a sinusoidal im-
perfection at the top boundary of the mesh with a wavenumber k., and an
amplitude & = 10~*H as done in [57, 60].

The solution is found by using an incremental iterative Newton—-Raphson
method increasing (or decreasing in the fluid analogue case) the control param-
eter 7. In each iteration, the calculation is performed by using the linear algebra
back-end PETSc (Portable, Extensible Toolkit for Scientific Computation) and
the linear system is solved through a LU (Lower-Upper) decomposition. The
code automatically adjust the increment of the control parameter if 7 is near
the critical value ., or when the Newton-Raphson method fails to converge.

Since secondary bifurcations may appear in such a dispersive problem, due
to subharmonic resonance phenomena in the fully nonlinear regime, we per-
formed further simulations using the approach proposed in [40]. Accordingly,
we looked for period-doubling and period-tripling secondary bifurcations by
using as computational domain the sets [0,2m7t/ke| % [0,1] with m = 2 and
m = 3, respectively. However, we did not find any further bifurcation in the
parameters’ range considered in the manuscript, in agreement with the experi-
mental observations performed in the single layer case [146].

4.3.3.2 Numerical results

In the following, we report the results of the numerical simulation for the
two cases under considerations.

CASE (A): FREE SURFACE INSTABILITY (7 > 0) We first implement the case
described in Figure 4.24a, setting ay = 1 in order to mimic the behaviour of a
slab made of two hydrogel layers. In Figure 4.30, we depict the results of the
numerical simulations for two different values of a;,. In particular, we high-
light that the deformation is localised at the free boundary of the body, and
it evolves towards the formation of stable hanging digitations. Let Ah be the
maximum vertical distance of the points on the free surface whilst Al be the
horizontal distance between the points which have initial coordinates (A/4, H)
and (3/4A, H), so that Al/A = 0.5 if ¥ < 7. Thus, we employ Ah and Al to
study the nonlinear evolution of the fingers” morphology.

As shown in Figure 4.31a, we find that the fingering height Al continuously
increases as the control parameter vy goes beyond its critical value. When per-
forming a cyclic variation of the order parameter, where we first incremented -y
until a value ymax > 7¢r and later decreased it back to the initial value, we found
that both Ak and Al did not encounter any discontinuity, always following the
same curve in both directions. Moreover, in the weakly nonlinear regime Ah
increases as the square root of the distance to threshold of the order parameter,
thus highlighting the presence of a supercritical pitchfork bifurcation.
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Figure 4.30: Resulting fingering morphology and displacement fields setting ay = 1,
ap =1and (a,c) ay =05and y =3.14; (b, d) ay =2 and v =55. In (c,
d) the colorbars indicate the norm of the displacement.
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Figure 4.31: (a) Numerical results showing the height of the fingers Ah versus the
order parameter 7, setting ap = 1, ay = 1, a, = 0.75. The simulations
validate the marginal stability threshold . o~ 2.66 predicted by the linear
stability analysis. (b) Plot of the normalized fingers’ thickness Al/A for
ay = 0.5 (green), 0.75 (orange) and 2 (blue).

The shape and the thickness of these fingers strongly depend on the stiffness
and the thickness of the two layers. As shown in Figure 4.31b, the fingers
become thicker as we increase «,.
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We remark that the maximum diameter / of the mesh elements is chosen as
the maximum value such that the resulting Ah and Al/A differ by less than
1073 from the corresponding values obtained using a refined mesh with //2.

CASE (B): INTERFACIAL INSTABILITY (7 < 0) We now focus on the elastic
analogue of the Rayleigh Taylor instability, occurring in the configuration de-
picted in Figure 4.24b. Here we set a, = 2, so the top layer is heavier than the
bottom one.

The simulation results are depicted in Figure 4.32 for two different values of
ag. In particular, we find a behavior similar to the Rayleigh-Taylor instability
in fluids: the displacement is concentrated at the interface of the two layers
forming a marginally stable undulation.

Let Ah denote here the maximum vertical distance of the points on the in-
terface between the two layers whilst let Al be the horizontal distance between
the points which have initial coordinates (A/4, H,) and (3/4A, H,), so that
Al/A =05 if v > 7. In Figure 4.33, we show the nonlinear evolution of such
morphological parameters as a function of . As in the previous case, we mea-
sured the quantity Ah decreasing the parameter v finding a continuous increase
of the height of the undulation, as reported in Figure 4.33a. We highlight that
the normalized thickness Al/A strongly depends on the parameter ay, as we
can see from Figure 4.33b.

In fact, for thin soft layers the undulation decreases its width whilst decreas-
ing v beyond its critical value, thus forming a digitation. Conversely, the un-

(@ag=1 (b) agr = 0.25
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Figure 4.32: Resulting morphology and displacement fields setting a, = 1, ap = 2 and
(a,¢)ag =1and v = —12.36, (b, d) ayy = 0.25 and v = —21.12. In (¢, d)
the colorbars indicate the norm of the displacement.
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Figure 4.33: (a) Numerical results showing the height Ah of the undulation versus the
order parameter v, setting ap = 2, ay = 1, a4y = 1. The simulations
validate the marginal stability threshold 7., ~ —10.97 predicted by the
linear stability analysis. (b) Plot of the normalized undulation thickness
Al/A for oy = 0.25 (green), 1 (orange) and 4 (blue).

dulation width increases for thick top layers, thus forming a stable wrinkle. In
summary, Al/A increases if the top layer is sufficiently thin, whilst it decreases
if the top layer is above a critical thickness. In both cases, the resulting mor-
phology is perfectly reversible after cyclic variations of the order parameters,
highlighting the presence of a supercritical pitchfork bifurcation.

4.3.4 Discussion and concluding remarks

In this Section, we used theoretical and computational tools to investigate the
stability of a soft elastic bilayer subjected only to the bulk gravity force.

Assuming that both layers are made of incompressible neo-Hookean materi-
als, we have first formulated the boundary value problem in nonlinear elastic-
ity considering that the slab attached on one end to a rigid substrate and it is
traction-free at the other end. Considering the two configurations depicted in
Figure 4.24, we have identified their basic undeformed solutions in Eq. (4.76),
characterized by an hydrostatic pressure linearly varying on the thickness di-
rection.

Secondly, we have studied the linear stability by the means of the method of
incremental deformations superposed on the basic elastic solution. We found
that both configurations can undergo a morphological transition governed by
the order parameter 7y, representing the ratio between potential and elastic en-
ergies of the top layer. In particular, its critical value depends on three dimen-
sionless parameters: ap, ay, ap representing the thickness, shear moduli and
density ratios between the layers, respectively.

Thirdly, we have implemented a finite element code to solve the boundary
value problem in the fully nonlinear instability regime. Other than validating
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the predictions of the linear stability analysis, the simulations have highlighted
the nonlinear evolution of the characteristic patterns.

Compared to the classic Rayleigh-Taylor hydrodynamic instability, not sur-
prisingly we have found that elastic effects tend to stabilize the dynamics of the
surface undulations forming beyond the linear stability threshold. Nonetheless,
we obtained a rich morphological diagram with respect to both geometric and
elastic parameters. In the following, we briefly discuss the main results for the
two cases under consideration.

If the body hangs below a rigid wall, as depicted in Figure 4.24a, we find
that there always exists a critical value for the order parameter, driving a mor-
phological transition localised at the free surface. Such an shape instability is
favoured if the bottom layer is softer and thicker than the top one, having a
critical horizontal wavelength of the same order as the body thickness. In the
nonlinear regime, this critical undulation evolves towards forming a digitation,
whose characteristic penetration length continuously increases beyond the lin-
ear stability threshold, highlighting the existence of a supercritical pitchfork
bifurcation.

If the body is attached to a rigid substrate at the bottom surface, as depicted
in Figure 4.24b, a morphological transition can occur if and only if the top layer
has a higher density than the bottom one. Similarly to the previous case, the
onset of an elastic bifurcation is favoured by a softer and thicker bottom layer
compared to the top one, with a critical wavelength of the same order as the
body thickness. However, an important difference is that the shape instability
is localised at the interface between the two layers, displaying two characteristic
nonlinear patterns. If the top layer is thinner than the bottom one, the undu-
lation evolves towards forming finger-like protrusions, whilst in the opposite
geometrical limit a stable wrinkling occurs.

In summary, we have characterized the shape instabilities occurring in a soft
elastic bilayer subjected only to the action of the gravity bulk force. Unlike the
Rayleigh-Taylor instabilities in fluids, we have demonstrated that the nonlinear
elastic effects saturate the dynamic instability of the bifurcated solutions, dis-
playing a rich morphological diagram where both digitations and stable wrin-
kling can emerge. The results of this Section provide important guidelines for
the design of novel soft systems with tunable shapes. In fact, the possibility
to control by external stimuli both the geometric and the elastic properties in
smart materials, such as hydrogels or dielectric elastomers [164], can be used to
provoke morphological transitions on demand [199]. Morphological changes in
such soft devices may be used, for example, to selectively change the surface
roughness (e.g. to perform drag reduction in fluid-structure interactions [64])
or to fabricate tailor-made patterns (e.g. to design adaptive material scaffolds
[186]).
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4.3.5 Appendix — Structure of the matrix M

We report the matrix M we used in the equation Eq. (4.90). We split it into 16
blocks:

0 0 Mz My
My My 0 0
M3z Mz Msz Mgy
My Mg My My

where 0 is the null 2 x 2 matrix and:

1 0 1 1 &2k 2k -1
Maz = [;z 1]’ Ma1 = [zz 1:2}' Maz = Lz%zz ez%(fm)]’ M33_[ 121]’

k O(le-i-]}—l
Miz = | )
—2kay—apy  —(ap+1)(2ka,+a,y)
e2rkf A HF (apk+k+1) 1 0
M= | okt 2 . ;» M= 1,
e HN (2kay —apy) e H (ap+1) (2ka, —ap7y) 1

k
-1 —k(apapy—2) kQ—apa,y)—
Mayp=1| My = |, .
-k —k— k(agapy—=2)—7 k(apgapyy—2)—(apga,+1)y
—eZk(apapy—2) 2 (k(2—apa,y)+2)
— e (yrk(amapy—2))  —eX (apapy+y+k(apa,y—2))
M — k(apgapy—2ay) apkayy—2(k—1)ay
43 — | .- - .
2k —agkapy+apy  (ag+1)apy+k(2u,—agayy)

Mo — k(apapy—20y) aprkagy—2(k+1)ay
44 — . . . - .
—2kay+apgkapytapyy  (kag+apg+1)a,y—2ka,

4.3.6 Appendix — Expressions of the coefficients ¢;
The coefficient ¢, of equation Eq. (4.91) is given by
c1=2k%a,, (—2(&12‘—1) (204%11;24-1) cosh(21~<)+2(4a%11}4(ocy —1)%+2k2 (lezq (a%,—O—l) —0—40(;404”—0—04124—&-1) +
- (2]~<2+1) (a;zlfl) COSh(ZDLHf{)+D(%,+1) +(atu—1)2 cosh(2(apy —1)k)+(a+1)? COSh(Z(DL[—rFl)i{)),
whereas ¢; is
o=k (4a}, FPapa, sinh(2k) —4a, K2, sinh (2K)+4k (o, (20 k> (ap — (0 +2)a,)+ap+1) +
+ay (21~<Z+1)v¢p+ai (ZaHE2+aH)) 747(2% sinh(ZDcHlE)+4l~<2ai sinh(2a k) +4ak cosh(2k) (apfalﬁ)Jr
—2ay cosh(2a k) (2k(p—1)+ (ap+1) sinh(2k)) —2a, sinh (2a k) —a, sinh (2 (a+1)k) +

+ap sinh(21~c—20<Hl~c)—4oc}2, sinh? (k) sinh(2a k) +4a,a, sinh(k) cosh (k) —4ay, sinh (k) cosh(l})) ,
and the expression of c3 is

3=—1(ap—1)a, (2(2]}2 (2ap+ay)— (2]}2+1)1xﬂ cosh(2a k) —2k(ap sinh(2k)+sinh(2a k) ) +ay ) +
+(ay—1) cosh(2(apr—1)k)+(a,+1) cosh(2(ag+1)k) —2a,, cosh(21~c)).






5 CONCLUSIONS AND PERSPECTIVES

This thesis deals with the mathematical modelling of soft and active solids us-
ing continuum mechanics. The results provide useful insights for understand-
ing the emerging non-standard behaviour of such materials, with application
ranging from biology to engineering science.

The research activities concerned both analytical and numerical tasks that
have been developed in order to solve few relevant problems in this field. In
particular, we focused on:

o the well posedness of the constitutive theory of non-linear elastic materi-
als with initial stresses,

o the mathematical description of active phenomena in living matter,

e the pattern formation in soft solids after a mechanical instability.

The main results are briefly summarized in the following.

WELL POSEDNESS OF THE NON-LINEAR MODEL In Chapter 2, we have stud-
ied the mathematical description of elastic bodies in presence of initial stress, i.e.
the tensor field ¥ therein corresponding to the Cauchy stress in the reference
configuration.

The classical approach to model initially stressed bodies relies is the theory of
elastic distortions. It is based on the Kroner-Lee multiplicative decomposition
of the deformation gradient F = F.G, where G is the tensor field describing the
inelastic distortion that locally maps the reference configuration to its relaxed
state, while F. describes the elastic distortion of the body. In this context, the
strain energy density reads

¥ = ¢(F, G) = det Gyp(FG ™),

where ¥y is the strain energy density in absence of initial stress. The main
drawback of this approach is that the tensor field G should be constitutively
provided. Indeed, the virtual relaxed configuration is usually not accessible ex-
perimentally due to the necessity of cutting the body to release all the residual
stress.

To overcome these difficulties, we used an alternative approach, known as
theory of initially stressed materials. It is based on the assumption that the
strain energy density constitutively depends on both the deformation gradient
and the initial stress field, namely

=9 X).
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While the theory of distortions is quite well studied, this latter approach
is relatively new and few results on the well posedness of the elastic prob-
lem exist. In particular, we investigate the influence of constitutive restrictions
on the existence of elastic minimizers. In the framework of the theory of ini-
tially stressed materials, Johnson and Hoger [119] proved that a virtual relaxed
configuration exists requiring that ¥ € C(Q, S(IR?)), being ¢ = y(F; (X))
twice differentiable with respect to both arguments, and the distortion from
the neighbourhood of each point to the free state to be once differentiable in
space. In Theorem 2.3.1 we have weaken the hypotheses of Johnson and Hoger,
proving the existence of a relaxed state locally mapped by a tensor Gy (x) about
a material point X assuming only a C! regularity on the dependence of the
strain energy on F, performing a local minimization of the strain energy den-
sity. The collection of the local maps from the reference configuration to the
virtual relaxed state is denoted by G[X].

Furthermore, in Theorem 2.4.1 we have proved that imposing constitutive
assumptions based on the independence on the chosen reference configuration,
known as initial stress reference independence (ISRI), is equivalent to assume
that

¥(F, ¥) = det G[Z]y(FG[X]%; 0),

so that the initial stress ¥ is generated by an elastic distortion. This Theorem
has important consequences also on the mechanical properties. For example,
the material symmetry group and the elastic moduli of the medium are pre-
served for any initial stress field ¥ if the ISRI is assumed.

Moreover, in Lemma 2.4.1 we have shown that the polyconvexity of the strain
energy density in the relaxed case is automatically inherited when the body is
initially stressed, if the ISRI is assumed. This has allowed us to extend Ball’s
existence Theorem 1.1.2 to the case of initially stressed materials (see Theo-
rem 2.4.2).

The results of this chapter also allowed us to provide a new mechanical in-
terpretation of the initial stress reference independence. Indeed, in view of
Theorem 2.4.1, the ISRI should be imposed when the initial stress field is pro-
voked only by an elastic distortion of the elastic body and not by a change of
the material properties at the microstructural level. It is well suited to model
the response of bodies with residual stressed caused by volumetric growth or
remodelling. For example, it is too restrictive to describe complex active phe-
nomena, such as the contraction of muscles, due to the change of the mechan-
ical properties of the elastic body induced by the continuous formation and
disruption of crossbridges.

MATHEMATICAL MODELLING OF ACTIVE PHENOMENA In Chapter 3, we have
developed a mathematical framework for modelling active processes in soft
biological matter. In particular, we have focused on both the active generation
of force in muscles and the growth of a solid tumour.



Understanding the constitutive laws describing muscle contraction is crucial

for many applications in biomechanics and several different models of muscle
activation exist in the literature. A possible approach to model the contraction
process is the active strain. As exposed previously, it is based on the multiplica-
tive decomposition of the deformation gradient into an active contribution, due
to the muscle activation, and an elastic one, due to the passive deformation of
the body.
We have shown that it is not possible to recover the experimental stress-stretch
curve corresponding to a uniaxial deformation of a skeletal muscle by simply
assuming the active strain approach, whatever the functional form of the strain
energy. Therefore, we have proposed an alternative model based on a mix-
ture approach. We have proved that this model, called decoupled active strain,
allows us to overcome these difficulties.

We have also focused on the mathematical description of growth in solid tu-
mours, which is useful to target novel therapeutic actions for a more efficient
drug delivery. We have shown that tumours exhibit several mechanical features
of a poroelastic material, where the cellular component behaves like an elastic
solid. In the in-vitro experiments, when the solid component of the cellular
aggregate, known as multicellular tumour spheroid, is loaded at the boundary,
it grows up to an asymptotic volume that depends on the exerted compres-
sion. Residual stress are evidenced by the tumour opening after the tumour
is cut radially, highlighting a peculiar pattern. Introducing a novel numerical
approach, we have correlated the measured opening angle and the underly-
ing residual stress in a sphere. The features of the mechanobiological system
can be explained in terms of the existence of an underlying feedback between
mechanical forces and the cell proliferation rate. This feedback is modulated
by the availability of nutrient, that is radially damped by the balance between
diffusion and consumption. The volumetric growth profiles and the pattern
of residual stress have been reproduced quantitatively assuming a dependence
of the target stress on the concentration of nutrient which is specific of the
malignant tissue.

PATTERN FORMATION AND MORPHO-ELASTICITY In Chapter 4 we investi-
gated how elastic instabilities can generate patterns in both inert and active soft
matter. The coupling between physical and geometrical non-linearities leads to
non-convex energies that admit multiple local minimizers. Thus, a morpholog-
ical transition may occur as the result of the accumulation of mechanical stress
in the elastic body.

First, we studied the mechanics of growing capillaries in tumours. Indeed,
solid tumours have the ability to assemble their own vascular network for op-
timizing their access to the vital nutrients. These new capillaries are morpho-
logically different from normal physiological vessels. In particular, they have
a much higher spatial tortuosity forcing an impaired flow within the peritu-
moural area. This is a major obstacle for the efficient delivery of antitumoural
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drugs. We proposed a morpho-elastic model of the tumour vessels, in which a
tumour capillary is considered as a growing hyperelastic tube that is spatially
constrained by a linear elastic environment, representing the interstitial mat-
ter. We assumed that the capillary is an incompressible neo-Hookean material,
whose growth is modelled using a multiplicative decomposition of the deforma-
tion gradient. We studied the morphological stability of the capillary by means
of the method of incremental deformations superposed on finite strains, solv-
ing the corresponding incremental problem using the Stroh formulation and the
impedance matrix method. The incompatible axial growth of the straight capil-
lary is found to control the onset of a bifurcation towards a tortuous shape. The
post-buckling morphology is studied using a mixed finite element formulation
in the fully non-linear regime. The proposed model highlights how the geomet-
rical and the elastic properties of the capillary and the surrounding medium
concur to trigger the loss of marginal stability of the straight capillary and the
non-linear development of its spatial tortuosity.

Second, we have exploited the theory of initially stressed materials to study

the morphological stability of a soft incompressible sphere, composed of a
neo-Hookean material and subjected to two different distributions of resid-
ual stresses. The boundary value elastic problem has been studied with an-
alytic and numerical tools. We have performed a linear stability analysis on
the pre-stressed solid sphere using the method of incremental deformations.
The marginal stability conditions are given as a function of a control parameter,
that is the dimensionless variable representing the characteristic intensity of the
spatial distribution of residual stress. We have also performed finite element
simulations using a mixed formulation in order to investigate the post-buckling
morphology in the fully non-linear regime. Considering different distributions
of the residual stresses, we have found that morphological transitions occur
where the hoop residual stress reaches its maximum compressive value. The
loss of spherical symmetry is found to be controlled by the mechanical and ge-
ometrical properties of the sphere, as well as on the spatial distribution of the
residual stress.
The results provide useful guidelines in order to design morphable soft spheres,
for example by controlling the residual stresses through active deformations.
They finally suggest a viable solution for the nondestructive characterization of
residual stresses in soft tissues, such as solid tumors by the means of an inverse
analysis based on wave propagation in soft solids [132].

Finally, we have investigated a new morphological transition in soft solids
that we call elastic Rayleigh-Taylor instability. It concerns a soft body com-
posed of two heavy elastic layers, attached to a rigid surface and subjected only
to the bulk gravity force. An elastic instability is triggered in very soft solids,
so that the increment of the elastic energy is compensated by the reduction of
the gravitational potential energy.

Using theoretical and computational tools, we have characterized the selection
of different patterns as well as their non-linear evolution, unveiling the inter-



play between elastic and geometric effects for their formation. Unlike similar
gravity-induced shape transitions in fluids, we have proved that the non-linear
elastic effects saturate the dynamic instability of the bifurcated solutions, dis-
playing a rich morphological diagram where both digitations and stable wrin-
kling can emerge. The results of this work provided important guidelines for
the design of novel soft systems with tunable shapes. Indeed, the possibility to
trigger topological transitions exploiting a controllable bulk force or modulat-
ing the geometric and the elastic properties in smart materials, may be used to
selectively change the surface roughness or to fabricate tailor-made patterns.

OPEN CHALLENGES AND FUTURE DEVELOPMENTS  The research field concern-
ing the mathematical modelling of soft and active matter is rapidly expanding
and several open challenges have to be tackled. Beyond the few advances pro-
vided in this thesis, there are several improvements that will be addressed in
future works.

Without pretending to give a full overview of the many open problems in
the field, in the following I summarize some questions that are more directly
related to the main object of this thesis.

For what concerns the mathematical framework of initially stressed materials,
the strain energies developed so far are based on an isotropic response in the
unstressed configuration [97, 98, 2]. Even if the anisotropic may result from an
elastic distortion, these strain energies do not incorporate structural anisotropy,
e.g. due to the presence of fibres.

In order to do so, we should exploit the theory of invariants to write

P(X, F;, X, M1, My,...)

where M; = M; ® M; is the structural tensor related to the family of fibres with
direction M;. However, in presence of only one family of fibre, we need to
take into account eighteen independent invariants of [111, 157], leading to an
involved expression of the strain energy. The main challenge is to understand
if further restrictions can be assumed to constrain the functional dependence of
the strain energy on such a large number of invariants.

For what concerns the modelling of active phenomena in biological media,
in this thesis we have presented models based on a macroscopic description
of the physical phenomena. However, the multiphysical exchanges of energy
take place at the micro-scale, as happens for the conversion of chemical and
electrical energy into mechanical stress taking place in sarcomeres. There is the
need to develop a connection between these two scales, obtaining the contin-
uum macroscopic model starting from the microscopic description of the active
processes.

Moreover, the termodynamical description of these processes should be taken
into account, since these systems produce dissipation during activation and
usually operate in out-of-equilibrium conditions.
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Finally, there is the necessity of further developing perturbative theories in
a weakly non-linear regime in solid mechanics for a deeper theoretical under-
standing of pattern formations in soft solids. Moreover, the bifurcation diagram
is usually very complex, with secondary and tertiary branches possibly detach-
ing from the primary bifurcation curve not far from the linear stability thresh-
old [40]. In this perspective, the numerical approximations of the non-linear
problem can be exploited. Whenever the bifurcated branch is connected to the
principal one, continuation algorithms such as the pesudo-arclength method
can be used; otherwise, the deflated continuation method is useful [82]. An-
other big challenge is the study of material instabilities, such as cavitation, frac-
ture, and creasing, since they exhibit an infinite scalable localization in space.
In such a strong topology, very few mathematical tools are available, whilst nu-
merical results heavily rely on the implementation of regularization techniques
that must be validated using homogenization methods.

In conclusion, the description of these materials requires the developing of

advanced mathematical tools. As shown in the thesis, their behaviour is non-
standard, due to the constitutive geometrical and physical non-linearities, the
non-convexity of the energy functional and the multi-physical nature of active
processes.
It is my personal belief that the next progresses in this multidisciplinary re-
search branch will be driven by the development of new mathematical tools,
both to prove basic science insights and to drive engineering applications. Un-
derstanding the behaviours of soft active matter and the related non-linear par-
tial differential systems is a formidable challenge that will require advance-
ments in different fields of pure and applied mathematics, ranging from the
calculus of variations to the application of differential geometry in continuum
mechanics, from the development of new perturbation methods to the improve-
ment of numerical schemes for computational mechanics.
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