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Introduction

0.1 Motivation

Shapes in nature, from cauliflower to brain, arise from growth of tissues. Growth intrinsically
generates strains and stresses. Conversely, through mechano-transduction mechanisms, stresses
regulate growth as growing plants [1, 2]. Understanding ultimately the emergence of shapes, in
particular in biological tissues, requires to capture the mechanical features that are inherent to the
living material [3].

Our human body consists of four types of tissues: epithelial, connective, muscular, and ner-
vous. The aim of this thesis is to investigate growing epithelial tissues with an extracellular matrix
(ECM). The epithelium is a composite of specialized cellular organizations arranged into sheets
without significant intercellular substance. It covers the body, lines all cavities, and composes
the glands. It may be simple, consisting of a single layer in Fig.(0.1), or stratified, consisting of
several layers in Fig.(0.2).

==

Squamous Cuboidal Columnar

Fig. 0.1 Simple classification of epithelium tissue

Squamous
nonkreatinized

Cuboidal Keratinized Columnar

Fig. 0.2  Stratified classification of epithelium tissue
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There are two biological systems for basic research in our interest: epithelium in C.elegans
[4] and Drosophila wing disc [5, 6, 7].

)

H, LET-502
111 activity
| high

Fig. 0.3 C. elegans embryonic elongation: ventral cells are shown in pink, seam cells
in yellow, and dorsal cells in teal. Contractile forces are produced predominantly by
seam epidermal cells (arrows pointing toward one another), and transmitted to dorsal
and ventral cells via adherens junctions (black ovals), which anchor circumferential
actin filament bundles (CFBs) in dorsal and ventral cells (black lines and arrows within
dorsal and ventral cells). CFBs are thought to transmit and distribute the forces of
contraction evenly throughout the epidermis. Scale bar = 5pym (from [4]).

ABD::GFP

Fig. 0.4 Actin filament organization during C. elegans embryonic elongation when
AL/Ly = 30%,50%, 70% (from [§]).
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Fig. 0.5 Cross-section of the outer layers of the C. elegans tissue showing muscle cells
below the epidermis and cuticle viewed by transmission electron microscopy (from [9]).

Fig.(0.3) and Fig.(0.4) show a C. elegans embryo during morphogenesis. We give attention
to the role of monolayer epidermis with an extracellular matrix (ECM) in elongation. In this
course of the development, an actin-myosin network is found active [8] which acts as a pivotal
part in chemical-mechanical transmission. It will exert inner stress along the circumferential
direction (see arrows) in Fig.(0.3). In Fig.(0.4) we can see clearly the fiber distribution indicated
by yellow arrows. Filaments (fibers) are more ordered in the white box (dorsal cells) than in
the red one (seam cells) after extension. And they align circumferentially as elongation passes
from 30% to 70%. This implies that the network with filaments is coupled with the mechanical
deformation which might generate the active force for the development. Fig.(0.5) demonstrates
the final multilayer structure of the animal surface. Each layer has its own structure and there are
wrinkles in the epidermis and basal lamina. Although it is not easy to quantify the stresses in vivo,
there are some methods to measure the force more or less at the cell scale [10, 11, 12, 13, 14]. In
this thesis, we exploit results from the laser ablation technique [8] for our case study. We attempt
to use an analytical method to understand the mechanism of C. elegans elongation. We shall focus
on stresses in each part tagged by different colors (see Fig.0.3) with finite strain and use laser cuts
to give an estimate for the stress distribution in the experiment.
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Fig. 0.6 Images of a stretched disc for increasing force-displacement (F-d) values

(from [7]).

Fig. 0.7 Classical apical constriction. In a monolayer where cells keep constant vol-
umes, accumulated actomyosin meshwork at the apical end of the cells constricts, giv-
ing rise to wedge-shaped cells. This forces the epithelium into a concave apical surface
with an enlarged basal area. Red, actomyosin (note enrichment on the apical side of the
cells); blue, basal lamina; purple, nucleus (from [15]).

The second biological system of our work is the Drosophila wing disc in Fig.(0.6). We find
two scales of deformation on the right picture: global bending curve shown in yellow and local
folding deformation in green. As far as we know, growth with constraints will induce buckling
[16, 17] resulting in large geometry change. Moreover, there is always differential growth rate in
various kinds of cells during morphogenesis. In-plane cell-cell compression induced by growth as
well as boundary squeezes naturally generate out-of-plane bending. In addition, active networks
can also play an important role in tissue deformation. In Fig.(0.7), there is a schematic diagram
explaining such a mechanism: a contractile network and stress gradient give rise to the bending
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of a multilayer structure. These two mechanisms often appear simultaneously in the experimental
observation. With genetic control, we can regulate the final shape and size of the epithelium
tissue [18] on the basis of a full understanding of the development of multicellular organisms.
It is possible to use structure design with growth for shape programming. In this thesis, we try
to explain the buckling phenomena and provide some ideas for tissue scale deformation with
geometrical nonlinearity.

0.2 Approach of the present work

There are some successful models at micro and meso scale [19, 20, 21]. We shall use classical
continuum mechanics as the main tool with the traditional finite element method [22, 23, 24, 25]
in numerical simulations. At the macroscopic tissue scale, the theory of nonlinear elasticity is
shown to be most often appropriate for large deformation. This thesis will deal with two scientific
problems about C. elegans and Drosophila.

We introduce the basic knowledge on finite elasticity in chapter 1 and briefly review the theory
of plates and shells. We employ a general variational method to get the governing equations of
a type of fiber-reinforced materials in our concern. Then we introduce the Foppl-Von Karman
(FvK) model for a thin plate. Finally we mention the shallow shell theory and difficulties in
numerical implementation.

For the first part (C. elegans), we want to study the results of the laser ablation technique to
obtain the stress distribution estimate [8]. Tiny laser cuts with several micrometers are made in
the external epithelium. The crack will open in a stretched state and the ratio of opening size over
equilibrium length can reflect the value of stress vertical to the cut. But we need to consider the
effect of finite strain in practice. Besides, an analytical formula as simple as possible is favored
by biologists for a quick evaluation. So we modify the linear formula in our problem.

In chapter 2, a simplification of the geometry assuming cylindrical configuration with an
opening angle provides the possibility for theoretical analysis, which perfectly matches the ex-
perimental data [26]. Fiber anisotropy is judged in calculations with finite elasticity. Active stress
induced by molecular motors is important in the elongation of C. elegans which explains the crack
opening in both orthogonal directions in seam (S) cells.

In chapter 3, linear elastic fracture mechanics (LEFM) is surveyed for mode I crack opening.
The analytical solution in the isotropic case is given for the plane problem under biaxial loading.
In order to extend the simple theory for finite strain, a modified formula with the fracture factor
is proposed by replacing the original Young’s modulus with an equivalent one from the tangent
stiffness matrix. Results demonstrate the validity of the method in the real application for stress
assessment. On the other hand, XFEM is utilized for the real size simulation. A basic algorithm
is introduced and we apply the open source code in MATLAB in our situation. A tilting angle of
the initial crack in biaxial loading is then discussed.

For the second part (Drosophila), we want to employ the theory of plates and shells on a thin
cell lamina with an extracellular matrix (ECM) for tissue scale buckling. As we know, many thin
living objects are composed of several layers which might have varying elastic properties and also
follow different rules of growth. So it is necessary to extend the traditional monolayer model to
multilayer slender structures with geometrical nonlinearity. We hope the theory with simulations
can more or less offer some valuable opinions.

In chapter 4, an equivalent monolayer model is obtained through a homogenization method
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by integral over the thickness. A bilayer Foppl-Von Kdrméan (FvK) representation is acquired in
consideration of growth, active bending and initial curvatures. Governing equations are deduced
with different boundary conditions. An extra nonlinear term appears and one analytical solution
is derived in 1D. More complicated situations involving ECM defects are examined through the
numerical calculation in MATLAB. Afterwards, COMSOL is used to calculate a 3D growing
shell with nonlinear effects. We emphasize on the localized growth. Various cases are tackled and
implemented in the module of solid mechanics.

Eventually in chapter 5, a finite element simulation is carried out in a MATLAB platform.
Geometrical nonlinearity is implemented in the toolbox with beam and solid elements. The Riks
solver is employed for the buckling solution. A 3D strip case is discussed considering nonuniform
growth and the stiffer ECM. Then 2D wrinkling and folding simulations are analyzed with vis-
coelasticity for pattern formation. We find geometry as well as material properties like modulus
and viscosity will affect the final solutions obviously.



Chapter 1

Basic theories

In this chapter, we shall first review the theory of finite elasticity with fiber anisotropy by
introducing the deformation gradient tensor and the special direction vector for fibers. The main
idea of finite strain theory is to distinguish the initial and current configuration for the description
of the geometry. Different strain measurements are set up in both configurations with the relative
transform rule. Hereafter, stresses can be calculated once the strain energy density function is
known. A variational method unifies the governing equations in different configurations with the
corresponding stress definition. One class of nonlinear visco-elastic models is derived and the
energy decomposition is employed for further simplification.

Then it comes to an overview of plate and shell theories. A Classical model, Foppl-Von
Kérman (FvK) limit, is favored for the thin plate and the initial curvature is considered by shallow
shell theories. In order to obtain the governing equations in 2D, a variational method is used again
with perturbation of the thickness. Difficulties in numerical implementation are also mentioned
briefly in this section.

1.1 Finite strain theory

We begin with a brief review of the finite deformation theory. We assume the initial configu-
ration X and the current one (X, t). The deformation gradient tensor is defined as

- 69:1 — S+ 8uz
Tox, YT oax;

Fiy (1.1)
where u(X, t) is the displacement vector and we have u(X,t) = x(X,t) — X. We can see
from Fig.(1.1) that the deformation gradient tensor (Matrix) contains all the kinematic informa-
tion. Here the alphabet i, j, k, [ takes the value from 1 to 3. The uppercase and the lowercase
represent the initial point (undeformed) and the current one (after deformation) respectively. In
some references [27, 28, 29] F is called a two-point tensor because it connects two configu-
rations and contains geometric information. Obviously the gradient tensor ought to satisfy the
compatibility condition

OF;y
0Xk

FxVx=0= Erkr, =051, (1.2)

where EJKL = (EJ X EK) . EL.
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Initial 0 oX
Configuration

X+dX

Current
Configuration

Fig. 1.1 Ilustration of the deformation map
1.1.1 Strain-displacement relation

According to Eq.(1.1), we know dz = F-dX and thendx-dx—dX-dX = dX " (FTF—
IdX. Henceforward we define the Green-Lagrange strain tensor [27, 28, 29]

1 . 1
E = 5(F F—1)= 5(VXquuVX+qu-qu) (1.3)

where uV x = (0ju;)e; @ Ey and Vxu = (uVx)T. We could decompose the strain tensor
into a linear and a nonlinear part [30, 31]

Ery=ers+n1s

1.4
ers = 5(0u; + Oruj) nry = 0ruRdyuy, 14

In comparison, we define the Euler-Almansi strain [27, 28, 29] in the current configuration as
1 T 1 1
5=§(I—F F )%E(qu—l-uvm) (1.5)
and there is a relation between the two strains as

E=F".c.F (1.6)

In 1D, for example, we have dmz;(dj( - (14 %)2 — 1] and the right hand side equals 2F1; with
Eq.(1.3). In linear theory, € ~ %(un+uvm) with compatibility condition: —V xexV = 0.

Surely, we could offer a more general definition of the strain measurement via the Seth—Hill
family [27, 28, 29]. Nevertheless, we henceforth limit our discussion in the dissertation using

Eq.(1.3) to Eq.(1.6).

1.1.2 Stress

There are many text books presenting a full discussion of stress with finite strain [27, 28, 29].
The main idea is that we should be very careful of the area or volume change due to large deforma-
tion. In infinitesimal theory, there is no difference between the current and initial configuration.
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The Cauchy stress is thus enough with the linear part of the strain in Eq.(1.4) and Eq.(1.5). In
nonlinear analysis, however, the Green-Lagrange strain is of practical usage even though the equi-
librium equation is expressed in the current body after deformation. Here we want to summarize
the comprehension by work duality [27, 28, 29]. The virtual work principle on the total elastic
energy density function £ reads

— o Se. gt — 1 . Oy, 11 0
5€ = ﬂv oi6ei;d 'V = [)V S'5Fd Oy = ﬁ)v SY 5 Epd O (1.7)

where € and E are described by Eq.(1.3) and Eq.(1.5). o;; is the Cauchy stress tensor, SZI 718
the first Piola-Kirchhoff (PK-I) stress tensor and S¥; is the second Piola-Kirchhoff (PK-II) stress
tensor. OV is the domain in the reference configuration and Yy in the current one. In order to
change the integral domain, we need to use the volume transform

d'W =det(F)d v = Jd °v (1.8)
After we employ Eq.(1.3) and
1 __r 1 1
de ~ §F (0Vxu)+ 5(5UV)() -F (1.9)

then we arrive at the clarification of Cauchy o , PK-I S§' and PK-II S! stresses as
o=J'S".FT=J'F.S".FT (1.10)

where we assume o and S are symmetric in the proof of the relationship above. In other words,
we do not consider the micro-polar effect [32, 33, 34]

a) Hyper-elasticity
A material is called hyper-elastic if it satisfies the integrability condition [27, 28, 29]

ow

Sl 0F; = 0W(F) = S}, = 3T

(1.11)

Thanks to Eq.(1.10), we can obtain the Cauchy stress from the elastic energy density function
W(F)

OW(F)
oOF
But the function W(F') can not be chosen arbitrarily and there are the limitations called objectiv-

ity and symmetry

o=J"! . FT (1.12)

W(F) =W(!'Q - F) (1.13a)
W(F)=W(F-°H) (1.13b)

where 'Q is the orthogonal matrix for rigid rotations and °F is the transform operator for the
symmetry of matter. Obviously, with principle of objectivity [27, 28, 29], we obtain

W(F) =W(C) = W(FTF) (1.14)
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where C' is called the right Cauchy-Green tensor. We introduce the polar decomposition for a
better understanding. We know that an arbitrary non-singular matrix is a map which consists of a
rotation R and a distortion U as

F=RU = F'F=U?>0 (1.15)

where R=! = R is a two-point tensor and U = U is defined in the reference configuration.
So we find W(C) = W(U?). Furthermore, if the material is isotropic then we have °Ff is in the
orthogonal group too. Then we can get

W(U?) = W( HTU2 H) = W(\1, A, \3) (1.16)

where )\; > 0 are the eigenvalues of U. In physics, they represent the average deformation field
of a representative volume element in the local eigen-space. In practice we can use an invariant
form for the isotropic hyper-elastic constitutive relation [28, 29, 35, 36]

W(C) = W4, I, Is)

1 (1.17)
L =u(C), I = E(tr(C')2 —tr(C?)), I3 = det(C)

b) Equilibrium equation

In classical continuum mechanics, momentum conservation reads the same for both the linear
and nonlinear problem [37] as
. 0
833j

where p is the density of matter, b is the body force and o is the Cauchy stress tensor with & = o’ ©

due to the equilibrium of angular momentum. Furthermore, if we neglect the inertial term and the
body force, the equation becomes

aijaij = 83‘01']' =0 (1.19)

We can also obtain the equilibrium equation in the initial configuration by the variation Eq.(1.7)
2s(81)=0 (1.20)

In a numerical implementation like the finite element method (FEM), we also employ the virtual
work of the PK-II stress [27, 28, 29] as Eq.(1.7) and Eq.(1.4) by an incremental-iterative solver
from the point view of the total and updated Lagrangian form [30, 31, 38, 39, 40]. The total
Lagrangian formulation refers the stress and the strain variables at time ¢ + At to the original
configuration at time zero. In comparison, the updated Lagrangian method is that the geometry
(initial configuration) is updated after calculation of each time step.

1.1.3 Variational method for fiber anisotropy

In this section, we want to use the principle of virtual work to get the governing equations for
elasticity with fiber anisotropy. We employ the method [41] taking dissipation into account. It
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is a general approach for a material with a special direction nn. We start with the power balance
equation
0€elas + OR + 0Ekine — OWezt = 0 (1.21)

where &4 is the total free energy, R is the dissipative part of the system, Ejine is the kinetic
energy (inertial term in Eq.(1.18) ) and W, is the external work. Generally, we can define

Euas = [ WIF,m,m0,mV 0 0)d 'V (1.22a)

R = /R(D,n‘],f;)d by (1.22b)

Elkine = /p;'u2 AV = 6Eine = /pfi)dvd ty (1.22¢)
Wegs = /(b - 6V + by, - 71+ by0n) d Y + /,m condty (1.224d)

where 1 is a unit vector field with a Lagrange multiplier  representing the specific direction of
the material, ng is the initial vector and 7 is an inner parameter (could be the dispersion angle
of the fibers) which reflects the degree of anisotropy. ‘)4 is the elastic energy density function
at time ¢ and R is the dissipation density function. The variables like D,n” will be explained
in Eq.(1.23). Body forces b, by, b, and the Lagrange constraint «y appear in the variation of the
external work.

In order to obtain the variation of the energy in a rate form, also for the dissipative function
R, we need to define several kinds of velocity quantities here.

F_d@:c_@v_é?v ox

“JoxX 90X oz ox LF (1.232)
L:D+W:%(L—|—LT)+%(L—LT) (1.23a)
nf=n-W-.n (1.23b)

where L = vV, = grad(v) is the gradient of the velocity of a material point after deformation
with F = vV x = Grad(v) in the initial configuration. Here we can divide L in two matrices:
the symmetric part D for deformation and the anti-symmetric one W for rigid rotations. For
objectivity, we employ the Jaumann derivative n” to eliminate rotation effects while it is not the
unique choice [41]. Then we can calculate 6€ with generalized velocities

54 = b(v, 7,1) (1.24)

In addition, we shall use the integral transform [ d '} = [ Jd “V to change the domain for
time derivative calculations since X is independent of ¢. For the variation of the gradient operator,
we take Vx = V. - F for the transform. Finally, it is not difficult to get governing equations
back in the current configuration as

po=0c-V+D>b (1.25a)

OR otw a'w
anJ_b"J”"_ on " onv

v (1.25b)
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OR o'w
—=b,—— 1.25
a7~ " Tan (1.25¢)
In this dissertation, we just take the symmetric part of the Cauchy stress tensor as
oW 1 OR o'w
= F' +— — . 1.26
=or T T op V" onv .

If we take ‘W = "Wejas(F,m,m0) + 52 Tr(nV - Vn) and R= EDTr(D?) , omitting inertia
terms and body forces, governing equations and the constitutive relation reduce to

oc:-V=0 (1.27a)
at
K,An — 144 +m =0 (1.27b)
8t
o= 6;VFT+MDD—Kn(nV)T-nV (1.28)
Considering the decomposition of the elastic energy in the reference configuration as following
W = What(C) + Wryip(F, no, m0) (1.29)

where C' is the right Cauchy-Green tensor, One can study the statistics for a hyper-elastic material
with fiber reinforcement in the known direction ny. For example, Holzapfel and Ogden [42] take

W = Wirat(C) + Wyin(Cy H (1o, m0))

(1.30)
H = 770[ + (1 — 377())1’1,0 QX ng
Then one can get the stress via a superposition form
o0 co (1.31)

ofiv="J ppin(Le,m0) F-mo @mno - FT = J g (1a,m0) (F - no) ® (F - ng)
where Iy = I4(no, tr(C),ng - C - ng).

1.2 Overview of plate and shell theories

Slender structures are quite common in biology from membranes at cell scale to the skin
at tissue scale, which always result in the large displacement and finite deformation induced
by morphology. When continuum mechanics is favored to study strain and stress in biological
problems, theory of plates and shells [43, 44, 45, 46, 47, 48, 49] is frequently employed to deal
with surface systems. In this section, we will present a brief review of the basic knowledge.

Following the method of the previous section, a variational principle is taken to help us obtain
governing equations in elasticity. The only extra assumption is the strain-displacement relation-
ship. We shall write down the physical conservation law on the 2D curved surface with the integral
over the thickness, namely reducing the original 3D problem into 2D mathematical PDEs. From
the point view of physics, bending together with in-plane stretching dominate the total elastic
energy, which makes it possible to reduce the dimension.

We will first introduce the Foppl-Von Kédrman (FvK) plate theory, which is the primary model
for analytical work in this thesis, and then we review concisely the general shell formula for an
implementation of the initial curvature. Mindlin—Reissner theory will also be mentioned for plates
with moderate thickness.
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1.2.1 F6ppl-Von Karman (FvK) model

The Fvk model is the simplest one for a plate undergoing large deflections. More precisely,
it holds the effect of geometrical nonlinearity induced by bending. This model is popular among
physicists and engineers because it not only keeps nearly all the pictures of nonlinear phenomena
such as buckling but also it is still valid not far beyond the limit of the small-strain constraint.

a) Strain-displacement assumption

We start by providing the displacement relation between the initial configuration R(z,y, Z)
and the current shape r(x, y, Z) with a first order expansion.

r=R+u%z,y) + Zul(z,y)

~ R+ (U%z,y) + ZUNz, y))er + (VO(z,y) + ZV(z,y))es + C(z,y)es (1.32)

Fig. 1.2 Illustration of geometry

Each e; represents the Cartesian unit vector and the superscripts “0” and “1” denote the
perturbation order. Indeed, the ratio between the thickness and the horizontal scale L is a small
parameter as €; = h/L. And the magnitude of the displacement in the Z direction { compared to
L is another small quantity as e; = /L. In the classical FvK approach, ez ~ /€7.

We introduce later the position of the neutral surface Z,,, a constant of order h , whose role
is to minimize the free energy. For a homogeneous monolayer material, Z,, corresponds to the
middle plane. We also take into account later in the shallow shell approximation that the sample is
slightly curved before buckling with a tiny deviation w” in the simulation. After we can calculate
the deformation gradient tensor F' as

1y 6ZJ+8XJu 51+axj+“253ﬂ+( )8% (1.33)

So the elastic strain tensor becomes

1
E = 5(FTF -1 =
1,0u)  Oul  oul oul

1

5(8% Ox;  Ox; Oz i) + §(u}53i ) +
J i i OFj

Z — Zp, 0ul oul

J
2 ( 3[Ej 6% )

1,0u) oul)
(ke - K
2(8@ Yk03) + 81‘]‘

Eij ~

(1.34)

u,lfégi)
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If we just take the in-plane components and neglect higher order terms of u°(z, )

1,0u) Ouy ¢ 9. Z—Z,, dul, Oup
2(8$5 + 0% g + Oxo Oz + 2 ( +

Eap N ) (1.35)

Oxrg  Oxq

The Greek alphabet like «, 3, 7y is limited from 1 to 2.

b) Hooke’s law for the stress-strain relation

We apply Hooke’s law with the plane stress assumption: o;3 = 0. Then it reads for the
Cauchy stress components with Young’s modulus £ and Poisson coefficient v for an isotropic
material

E
5 ((1 — I/)Eaﬁ + uswéaﬁ) (1.36)

aaﬁzl—y

where €,3 = Eaﬁ +(Z - Zy)el op With v = 1/2 for the incompressible case, an assumption
commonly used for living tissues. Taking into account the plane stress assumption again for thin
samples, 013 = 093 = 0, we take E?g = E83 = 0 which leads to the first order for U and V' from
Eq. (1.32) and Eq.(1.34)

¢ ¢
U' ~—a; VI - 1.37
So the zero and first order strain tensor read
1,0u ou o¢ 0C
0 o B 1
= - : = — 1.
“ap 2(8m5 0ro OTq 0:1:5) ' Cap a6 (1.38)

where u (z,y) is the first order displacement {UO V01, With Eq.(1.36), we can also obtain the
perturbation of stress as 0,3 = Uaﬁ +(Z = Zy)olk ap-

¢) Lagrange-Euler equations by variational method

The elastic energy reads

1 1 FE
E = /Q 50'0[[35065(1‘/ = im /9(511)2 + (622)2 + 21/511622 + 2(1 — 1/)(512)26“/ (139)

The linearity between the stress and strain leads to 0 ~ 0,3 0cqp and then the Euler-
Lagrange equations result from the variation of £ with respect to ¢ and u,,

A(DAC) = 9a(Napds¢) + dapMy g =0

o o (1.40)
;[ 7es2) = G- (Vag) =0

The first equation represents the out-of-plane bending equilibrium and the second one stands
for the in-plane stress equilibrium with definitions as following
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E
D= | —-(Z-2,)%Z
/ 1-— V2( )
My =~ [(Z = Zy)o03dZ (1.41)

For a monolayer [50], Mgﬁ = 0 automatically due to [(Z — Z,,)dZ = 0 with Z,, = h/2.

1.2.2 Classical shell theory

The FvK model can be extended to a slightly curved sheet. We use the method by Sanders
[51] to get the governing equations for a curved plate or shell. But we change some notations
to keep consistency with the thesis. We suppose the initial curved middle surface in 3D physical
space is given by a 2D parametric form as

02" = O2°(€1, &) (1.42)
According to differential geometry [52, 53], we can create a group of local basis on the surface as
0 0
o 0T
0 OiIZ 0 0:13 ) X )
San—,—,on:M 1.43
p { 851 852 ”an o BOwH ( )
&1 &2

where n(£€) is the normal vector and the left superscript “0” represents the initial undeformed
configuration. And we shall use “¢” for the current deformed one with the kinematic relation by

displacement “u’ as
tb_ 0,0 0,0
xr ="z + u
0,% _ —a 0, 0, (1.44)
u =u%(€)0a v +w(§) "n'(§)

where u® is the in-plane part on the middle surface. Then the metric referred to the tangent space
OGag could be calculated

405" = 0, 2" 95 "2 devdeP = O G opdede” (1.45)

with the element of area as dYa = y/det(°G)d¢®deP.
Gauss, Weingarten and Codazzi equations are concluded as

aaﬁ Oxi _ OBaﬁ Oni
R 0, — OBS% Oxi (1.46)
Oy OBaﬁ = 0p OBQ'Y
where B,3 = 0,n - 93 denotes the second fundamental form and Bg = Bay GP. The first two

equations enable us to calculate the derivatives of the basis vectors and the last one is an extra
constraint for surface geometry.
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/////J//////
/////
///

/
///////////

Fig. 1.3  Ilustration of the surface coordinates

1.2.3 Strain-displacement assumption

We directly write down the in-plane strain defined by a difference of the metric between the
current and the initial tangent space

1
Eop = 5('Gap — "Gap) (1.47)

and the out-of plane bending part by normal vector change as

Kuop = "Bag — "Bap (1.48)
Then we shall calculate the metric tensor after deformation tGaﬁ, t Bqs with the kinematic re-
lation Eq.(1.44). Here we do not expand all terms one by one with the surface basis Eq.(1.43).

Given that n - 9,n = 0 as well as Eq.(1.46) , it is not difficult to get a similar result as work by
Sanders, Koiter and Budiansky [48, 51, 54, 55, 56].

a) Variational method with the linear stress-strain relation

The variation of the elastic energy is
58 = /t (NB§Eos + MPSK ,5)d ta (1.49)
a

where the in-plane force IV, 5 and the out-of-plane bending M,z satisfy the tensor transform rule

Nop = GornGssN s Mog = Gy Gas M (1.50)
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with the linear constitutive relation for an isotropic material as an example

E
Nop = /dzl — 5 ((1 — I/)Eag + VEVV(Sag)

v (151)
Mg = /Z2dz1 = (1= V) Ko + 7K 005)

With this we can calculate the free elastic energy as
1 af afs t
E= ' 5(N E.3+ M*K.g)d “a (1.52)

The Euler-Lagrange equation can be deduced by taking the variation of general field variables
{u®, w}. The exact expression with boundary conditions in the part of small-strain approxima-
tions is fully discussed in the work by Sanders [51]. In this dissertation we focus on the shallow
shell theory aiming at the initial curvature in the Fvk model.

b) Shallow shell approximation

We more or less simplify the general shell theory by the famous Donnell-Mushtari-Vlasov
(DMV) approximation [44, 57]

E.s = %(ﬁgﬁa + 80@3) + OBag”u} + %%waﬁw

(1.53)
Kag = —0OqpW

For a slightly curved plate, we could suppose the middle surface before deformation as 'z =

[z, y, 0"z, y)] with °Gap = 64p and "n = [~0,w®, —0,w", 1]T. Then we can get the shallow
shell assumption as
OBQB ~ = aﬁwo(x¢y>
w = ((z,y) (1.54)
To = Ua(T,y) + (Oaw®

Neglecting the higher order terms of small quantity w®(x,7), we finally obtain the so-called
Marguerre model [51, 58] as
Eaﬂ = %(aﬁua + 8au/3 + 8aw08/3g + 8511)08&{ + 8QC85C)

(1.55)
Kaﬁ = - cxﬁC

Compared with the Fvk model, we find there is a new bending momentum induced by the initial
curvature as
6 ~ 6EFF 4+ Nos * Bupd¢ (1.56)

Although we have made a lot of simplifications for the shell in the shallow case, the theory can
be extended to small but finite deformation in many situations [59].
1.2.4 Mindlin—Reissner model

If we review the process of the derivation for the Fvk equations, we encounter the following
hypotheses
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1) Scaling of thickness h, deflection ¢ and horizontal length L:

h o Cl

In practice, it still works as a conservative estimate with % ~ O(10) and % < %0 ;

2) Love-Kirchhoff hypothesis: no transverse shear
Ua(,y, Z) = ua(x,y) — (Z = Z)0(2,y) ; 0 = Oaug = 0al(2,y) (1.58)

where 1 is the first-order in-plane displacement on the neutral surface and @ is the rotation
of the normal vector which approximately equals 0, within the shallow shell limit. For
the notation consistency with the discussion before in FvK, we just simplify u (z, y) as u,,
later;

3) (u2)? are higher order terms compared to ¢? for strain contribution (related with the first
hypothesis here)

For a thick plate as h/L > 1/10, we should consider the rotation contribution by transverse
strain

¢ ¢
91,:%—%%;0@/:8—@/—#% (1.59)
Then we can get the Mindlin-Reissner modification for the Fvk model [45, 58, 60, 61]
Z — Zy 00 foler
_ FvK _ n o B
caf = Cop 2 Oz o) (1.60)

Y13 = 2613 = — Pz ; Y23 = 2623 = — ¢y

We can apply the linear stress-strain relation with 2 more shear moduli for the elastic energy.
Surely, we should add 2 new degrees of freedom (DOFs) for the numerical implementation. In
the commercial software COMSOL, the plate model for large deflections is based on the Mindlin-
Reissner hypothesis. It can be used for thin panels. The standard FvK model can be recovered by
substituting in the Love-Kirchoff constraint Eq.(1.58).

1.2.5 Difficulties in numerical implementation

There is always a gap between the classical theory and the robust computational algorithm for
practical applications. We shall use the scaling of the elastic energy to explain the main problem
here. With the given thickness h and the length L of a plate or shell, it is obvious for a thin slender
structure that h/L < 1. The elastic energy can be expanded as [38]

&= h3€bend + hQ‘Sbend—memb + hgmemb (161)

For a couple of physical problems like crumpling a piece of paper [62], deformation ought to be
mainly described by the bending equation referred to &.,q. However, according to Eq.(1.61),
we can see that the membrane deformation contributes a lot to the elastic energy especially when
h — 0 which may result in an ill-conditioned system during numerical simulations as well as
transverse shear locking [38, 63]. Assuming the variable space {q}, the elastic equilibrium state
results from the minimization of the given potential function II(q) with the stability condition
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[Kmn] = | Bq?qun] > 0 [54, 64]. We will frequently need to solve the linearized incremental
solution by {Aq} = [Kpn] H{AF} where { A f} is the generalized incremental force and [K,,,]
is the Hessian matrix or stiffness matrix of the potential function . In finite element solvers, there
is a catastrophic locking problem of ill-conditioned [K,,;] due to Eq.(1.61) when A is small.
This is the reason why many scientists try to develop new elements [46, 65, 66] and even new
methods [64, 67, 68] to reduce or conquer the numerical difficulty. In addition, we have a strong
prior hypothesis on the smoothness of the surface which also limits the test space of the solver.
It seems we need to come back to the original physics with a discrete form of the energy in
place of a differential operator and employ a more robust algorithm [69, 70, 71, 72] for the large
deformation problem.
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Part I

Crack opening on epithelium of C.
elegans

We will discuss the experiment of [8] in this part. C. elegans embryos are observed
in a particular stage of their development with an evaluation of the stress
distribution by laser cuts in the epithelium. Method and analysis could be extended
to other similar systems. We divide the calculation into two steps: first we simplify
the geometry in chapter 2 and give the stress expression with the assumed
deformation gradient matrix. Then we use the crack formula by Theocaris [73, 74]
and revise it for finite strain in chapter 3. We suggest a cylindrical tube with an
opening angle as the zero-stress configuration for the composite epithelium.
Different areas on the animal surface are handled separetely. The total stress is
calculated in consideration of anisotropy and active motors. For fracture
mechanics, we give a short review at the very beginning. We then introduce the
linear theory for the crack shape and modify it for our case using the tangent

stiffness matrix.
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Chapter 2

Stress assessment in C. elegans elon-
gation

It seems growth of a living system is quite natural but more complicated and subtle than a
handmade clock. Perhaps one argument is that morphogenesis is always accompanied by large
and soft deformation in order to adapt to the external environment. In addition, many scientists
recognize [75] that stresses play a vital role during the development of an embryo. At the macro-
scopic level, differential growth generates residual stress creating the circumvolutions of the in-
testine [76, 77, 78], the brain cortex [79, 80, 81], and the fingerprints of skin [82, 83]. The folding
of tissues is then directly linked to the coupling between volumetric growth, tissue properties
and geometry. At the cellular level, the high mobility of cells is counterbalanced by the cellular
filament networks, especially by the actomyosin cortex. It comprises a network of cross-linked
actin filaments located below the plasma membrane, so that the local cell contractility results from
the myosin molecular motors which transform the chemical energy of ATP hydrolysis into inner
stresses.

Here we investigate the early stage of C. elegans elongation up to 70% when the embryo con-
tains 65 epidermal cells in the cortical position in an ovoid shell. We try to use finite elasticity to
get the stress distribution on the surface of C. elegans. Given the assumption of deformation gra-
dient matrix and energy density function, we calculate the stress components with the constitutive
relation as Eq.(1.31). However, in elasticity, we need to know the stress-free conformation. So
we first characterize the geometry in section 2.1 which matches well with the experiment. Then
we calculate stress components in section 2.2 with incompressibility after growth. Afterwards we
introduce the active stress by a planar active network in section 2.3 with further explanations and
simulations in section 2.4.

We consider a cylindrical tube with an opening angle as the starting point. Then we define
different configurations for the corresponding stages of loading history. Anisotropy and active
stress induced by the actin-myosin network and microtubules are covered in this part. It will be
used in the next chapter to explain the ablation experiment.

2.1 Simplified cylindrical geometry

For theoretical analysis, we simplify the elongated C. elegans as a composite cylinder made
of a row of epithelial cells and nascent intestine. Since the scientific concern is on the thin exterior

17
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Q

RN

iy

i

(I

ST

Wz

Elongation

Before Closure After Closure

Fig.2.1 Deformation map from left to right columns are: Before closure (BE) and also
the reference stress-free configuration B,, initial state By with cylindrical coordinates
R, 0, Z and the current elongated configuration B; with coordinates r,0, z. The pic-
tures of the third row are taken from the experiments: we observe an opening angle (red
dotted line) in the left slice. The opening angle is closed in the region of cells (brown
area of the first row) with residual circumferential tensile stress (see middle slice). The
picture on the right shows the position of the laser cuts during elongation.

surface of approximately 10um thick, we use the inverse method by assuming the deformation
gradient tensor Eq.(1.1) to calculate the stress components in 3D for the outer tube.

We introduce three configurations for our calculation: the initial state By for zero elongation
as the start of the experimental observation, the reference configuration B, which is stress-free
with an opening angle and finally the current one B; with the laser cuts after deformation.

We label different cells with dissimilar colors in Fig(2.1): Brown area indicates the ventral
cells which constitutes the abdominal part of the embryo. Hence yellow area is the dorsal part, and
blue is used for the seam cells which corresponds to the waist of the worm. During the experiment
[8, 84], there is a pre-stress or pre-strain [26] due to the closure of the ventral cells. When it comes
to the elongation process, molecular motors are very active leading to the shrinking of the seam
cells. Special concern is paid on the inner stress with the actin-myosin network where molecular
motors are located. In order to offer the stress estimate, laser cuts are made after elongation in
Fig.(2.1) in different parts of the embryo: Head, Body and Tail. We now attempt to calculate
the elastic strain for our simplified composite cylindrical tube with three different cell types. The
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deformation gradient matrix in cylindrical coordinates reads

o0 0 0 0 Ar(R) 0 0
F=|0 5% 0[=]0 G 0[=] 0 GXAR 0 (2.1)
0o 0 2 0 0 Xz 0 0 Az

where we assume constant angle change G; for different cells and homogeneous extension \.
Specially, because of the diagonal form of the gradient tensor, strain compatibility is satisfied
automatically for F' x V = 0 as Eq.(1.2). And thus there is only one variable Rz, the radius of the
tube varied between value R; and R.. The rotation and axial extension GG; and Az are regarded as
measurable quantities, i.e., known data from the experiments. In addition, the elastic stress should
also be diagonal. Furthermore, we build the observable deformation gradient after elongation as

Ar 0 O
Foprb=10 A 0| =Are, QEr+AegRQFg+Aze,RQ Ey (2.2)
0 0 Agz

with the incompressibility hypothesis as det(Fpp) = 1. This is a strong condition based on the
fact of nearly no growth during the extension and the assumption of incompressible deformation
of every cell. We can solve the function (R) with AgAAz = 1. To avoid solving the ordinary
differential equation, we directly use the volume conservation of a cylindrical tube

1
2 _p2 =
re—r GA,

where 7; = r(R;) and the governing equation is valid for all cells of the system.

(R? — R?) (2.3)

7

B=2x(1-1/G,)=30"

()

Fig. 2.2 Geometry of a simplified cylindrical tube for the strain calculation: The first
picture (a) is the reference configuration BB, with an opening angle for pre-stress and C,.
represents the arc-length of the outer surface for each part respectively. The second and
the third sketch (b) show the initial complete tube By after closure which is the domain
for the following stress computation. D means dorsal section, V' is the ventral part and
S denotes the seam cell. Here we assume stress-free condition on the exterior boundary
for the thin membrane tube. R is the radius varying from R; to R, and G; is the angular
change which shall be defined later. ©; is the absolute angle for each part {D,V,S}
and we take the double value because of the symmetry of the geometry. The exterior
surface is covered by the extracellular matrix (ECM), a thin layer of secreted proteins.

Let us come back to the original geometry for a clear discussion. In Fig.(2.2a), we observe
that there is an opening angle 5. In this stress-free configuration, we define half of the system: D
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cells are located in the interval [—¢pv, ¢py], S cells occupy the sector [ppy, 7 — /2 — ¢pv]
and V cells fill the remaining part up to 7 — /2. From mechanics, we do not distinguish D and
V cells so we call them DV cells. After the closure, the complete domain is demonstrated by
Fig.(2.2b) with new angle ©. Now we can write the geometric constraint with the missing angle

g

¢pv + s =7m/2 - (/4
©py +0g5 =7/2 (2.4)
©pv = Go,pvépv ; Os = Go 505

where Go; > 1 is the initial pre-stretch of each part. We can now calculate the initial defor-
mation gradient Fy with the help of Eq.(2.2) and the volume conservation Eq.(2.3) assuming
incompressibility

F =Fop - Fyp =

(Az)™ 0 0] [(Aoroz)™" 0 0 (2.5)
F= 0 A(R) 0 0 X O
0 0 AZ 0 0 )\OZ
and
G.
AR) = —=/1+ (G7' = 1)n(R
(= (67 -
n(R) = _Rié (2.6)
_ o = @) +V/n(Re)? + 401 — n(Re))A2Ay
1 2(1 = n(Re))

Thus at (R = R.) we can calculate the superficial circumferential deformation with n(R.) =
1 — R?/R2. In practice, we can use data of arc-length C; in Fig.(2.2) as well as the length change
Az = L/Ly,A(R.) = C/C) to give an estimate for G; and accordingly obtain the deformation
information for the stress calculation. Besides, once we get the deformation of seam cells, the
geometric constraint Eq.(2.4) allows us to calculate the quantity for DV cells as

_ Copv +Cos

Co,pvApv(Re) + CosAs(R.) v

(2.7)

where Cj ; is the arc-length of each part at Az = 1.
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Fig. 2.3 (a) Experimental circumferential length of the seam cellular domain. In blue
the best fitting curve corresponding to C' = CyA and the ortho-radial stretch in the top
inset. Red squares are experimental data [8]. (b) Analytical Results for the DV cells
using Eq.(2.6) and Eq.(2.7). Experimental points [8] are included for comparison. (c)
Theoretical G value as a function of Az according to Eq.(2.7) when the epithelium
thickness is varied.

In Fig.(2.3), we use the limited data in an attempt to extrapolate the full information during
elongation as A 7 increases from 1 to 1.7 (AL from 0 to 70%Lg). Here the only fitting is the blue
curve for the circumferential length of seam cells. After we make an convention that A = A(R =
R.) since we just make the laser cut on the surface of the skin. So far we have introduced the
geometry of our system, but we need to get the expression of the stress by defining the energy
density function in the next section.

2.2 Calculation of the elastic stress

Due to the diagonal form of the simplified F' in the above analysis, we prefer to employ
the constitutive relation in the eigenspace [28]. We adopt the energy density function W like
Eq.(1.29) considering hyper-elasticity with fiber anisotropy. We introduce as few material param-
eters as possible.

W = Warat(FTF) + Wy (Fy o)

(2.8)
= Whitat (M1, A2, A3) + Wi (nddiag(AZ, A2, A2)no)

In our case, we suppose that the mean direction of the fiber is parallel to the eigenvector of the
right Cauchy-Green tensor and consequently

3

2
W = W(a, A\ Az) = 3 220 %+Z” (A2 = 1)2 + W(J) (2.9)
i=1 O£p i=1
where ¢ > 0 is the mean average shear modulus of the continuum , 7 > 0 includes the con-
3
tribution of fiber elasticity and «, is a positive parameter for different material with J = H i
i=1

representing the volume change. In our system, we take o, = 2 for a Neo-Hookean solid and we
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Convex energy density function
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Fig. 2.4 Depiction of W in Eq.(2.11) with dimensionless parameter T /p = 0.15.

assume the fiber effect only in the circumferential direction. Finally we employ the incompress-
ibility condition J = 1 leading to

WORAAZ) = E3 N+ 2 =17 = p(J = 1) = Wi —p(J = 1) (2.10)

where p is a Lagrange parameter for the constraint J = 1. If we do not want to keep it, we can
define

W(Ams A\, Az) = g[()\)\z)_Q FA2 4N 3 %()\2 )2 @.11)

It is a convex function as shown in Fig.(2.4).
Eventually, we can calculate the Cauchy stress as

oW oW,
W2 pT = 2T I

OWn,
T g NP

o=J"

as well as the PK stress defined by Eq.(1.10). Furthermore, if we suppose o, = 0, we obtain
an

P="oxk

AR and

oW oW

If we want to consider the stress distribution along the radial direction, we need to settle the ODE
as following

og —

do, 1 0Sp 1
(o, — = it L. — = 2.14
o T(ar og) =0 or 5 T R(SR Se) =0 (2.14)
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We take S as the PK-I stress. Boundary conditions read

KRECM
or(r=re) = — ~0; op(r=m)=—pi

P 1 (2.15)
& Sp(Re) = Jor(re)Agy = op(re)Ay =05 Sr(R;) = —piAg = —pr1

where J = 1 and we assume the surface tension effect xpops is weak compared with the elastic
stress, that’s to say kpcar/E < 1 and p; is the inner pressure which might be a function of the
deformation change. In the thin membrane case, o, is a higher order term which can be neglected
in the calculation of 0 and o,. In the following we need to introduce the inner force contribution
by active networks in S cells.

2.3 Planar active stress by actin-myosin networks

Myosin 1II, the actin molecular motors, have been observed [84, 85] in the seam (S) domain.
They can induce contractile deformation of the network and simultaneously generate inner-stress.
Similarly, we could imagine heating a rubber-like material under stretch. High temperature (in
a range) will make the rubber stiffer which generates a positive inner stress. And if we stretch
it, temperature will increase. In other words, we could pump in energy for a contractile shape
change. Here we suppose that the active stress [86] in S cells is induced by such a mechanism
(see Fig.(2.5)). We also consider the fiber/filament anisotropy in the elastic energy. Fig.(2.6)
demonstrates the dispersion angle of the fiber/filament. In the figure data are limited just to seam
cells of the body part (see Fig.(2.1)) due to experimental difficulties. Because of symmetry, the
planar angle distribution is a function of ¢ = [0, 7/2]. Before elongation, the filaments lie in the
circumferential direction in both S and DV cells. After, motors in S cells become active with an
increase of the dispersion value s generating contractile deformation with Gg < 1 and Gpy > 1
in Fig.(2.2).
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Fig. 2.5 Mechanism of the actin-myosin network with motors: (a) (From [87]) One
representative volume element where there are numerous actin filaments with motors.
Energy transmission happens through actin monomers resulting in polymer (filament)
reorganization. (b) Visualization of the interaction between filaments. Contractility is
produced through the concerted movement of myosin heads (green) along actin thin
filaments, which are made up of f-actin (blue) and tropomyosin (red)
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Fig. 2.6 Distribution of the planar fiber/filament direction in seam cells: Points in
red are experimental data [§] when elongation Az equals 1.3 in comparison of points
in green as Ay equals 1.5. The curves in black are fitting results of the Von Mises
distribution function [42]. ¢ is the angle along the average alignment and v = 0 means
that fibers align completely along the circumferential direction eg in our case and ¢ =
+m/2 is the vertical direction e,. The dispersion value « characterizes the disorder of
fiber anisotropy. Because of symmetry, we can calculate all the quantities as a function
of ¢ = [0, 7/2] in practice.
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If the active stress/strain merely depends on the distribution of the network, we have
o =0P(F)+o%n) (2.16)

where o? is the classical stress tensor induced by the elastic strain and o® is the active part [86]
which is related to the fiber/filament direction. In a thin membrane system, the planar active stress

[42] reads
% = —p, I+ HY

1 ~ ~
HY=H - () H = —Grl +G(1-28)n®@n (2.17)
1 [7/2 . 9
n:—/ p(p)sin“pdp ;s n || F-ng
T J—7/2

If we take p(¢) = 6(0), then H ~ —(, T + (odiag[1,0,0] with n = [1,0,0]". Surely we can use
the similar formula for the multi-axis case as

H = Z H;
H; = —Gyrid + G (1= 26)m @y 5 ki = ri(pf)
Correspondingly we can employ p1(p) = §(0), p2() o(r/2) and thus H ~ —(T +
T

1 pu—
(odiag [1, —1,0] with n; = [1,0,0]" ,k; = 0 and ng = [0,1,O]T,/<;2 = 1. We can use the
superposition Eq.(2.18) to realize an inner stress in any direction.

(2.18)

2.4 Active strain/stress with simulations
We first take the general multiplicative decomposition for finite strain
F =F.F,G (2.19)

which means the total deformation is decomposed by elastic part, inelastic self-strain [88] and
growth. In our case, the diagonal form reads

Ae 0 0] 0 0]fer 0 O
F=|0 X 0[]0 x 0]|0 go O (2.20)
0 0 Mz |0 0 xg| |0 0 gz

where J. = J, = 1 for incompressibility and J, > 1 for positive growth. Therefore the elastic
energy function should be modified as

W= g tw(FYF,) + Wy (Fu,mo) — p(J/J, — 1) 2.21)

For example, we take G = I , F, = diag [0, A\s, A, '] which leads to , in the linear approxima-
tion, an active stress o® = diag [0, 09, —og| with oy > 0 if A, < 1. On the other hand, if we take
F,=Tand G = (1+ ¢?)'/31 , it creates a hydrostatic pressure which might cause instability or
buckling of solid [89].

Let us consider some simulations to show the mechanics of the deformation coupled with
the network during elongation. In Fig.(2.2) and Fig.(0.3,0.4), there are at least two processes
happening in the epithelium of different parts: Filaments in the DV area align along the peripheral
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direction due to the external stretch of the S domain. And the driving force comes from the inner
stress of active networks in S cells. We use the general theoretical framework introduced in
Chapter 1 to simulate the two mechanisms. We suggest the elastic energy density and dissipative
function for Eq.(1.25) in plane strain as

K K,
W = MEgﬁggﬂ + ?(E?;,,Y)Q + f@ang(%ng
. b
R= ?n(n —W.n)?

(2.22)

where we suggest a linear isotropic stress-strain (constitutive) relation for simplification, with
shear modulus g and bulk modulus K, which results in a linear decomposition of the elastic
strain g, 5 by

€of = Eaf — eiﬁ — egﬁ (2.23)

where ¢4 is the total strain, 5£ 3 is the inner strain by the fiber rotation and network reordering
and e’ 3 1s the strain by growth. While we neglect the growth in the simulation with

ou 1 0u Ov

| 2%y e
o= Lou v " oy
20y Ox y (2.24)
cos’p — cos*yg 0

5(];5 = Yn diag(n R;n—mgQ® nO) = n 0 S@'n2<p — sz’n2g00

In addition, we suppose b,, and K, is fairly small compared to 4 and K so that we could neglect
the higher order terms related to b,, and K, in the constitutive relation. Then we get the coupled
time-dependent governing equations

ow
08003 =0, 043 = Peus = 2u(eap — Efiﬁ) + Keyy0ap
ow
bpp = ——— + KnAp = (2.25)
ot
. . 2 . 92 2 .9 ou ov
b = 21y, sin(2¢)(—cos“p + sin“p + cos“py — sin“py — 9% + (‘97/) + K,Ap

where ¢(t = 0) = po(z,y) is the average dispersion angle and can be explained by discussion
about Eq.(2.18). And we choose the Young’s modulus £ = 10°Pa and the Poisson coefficient
v = 0.499 which leads to 1 = 33356Pa and K = 1.67 x 107Pa.
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D cell

__ Y ul,)
‘-S(L(y;fo) % | = £ p(x,y:t,)

kDV S cell kDV
i! oy

Fig. 2.7 Sketch of the two mechanisms in the epithelium during elongation. In D cells
(yellow area), the arrangement of the filaments will change with external loading. In
S cells (blue rectangular), positive active stress from the active network shortens the
material with an contribution to the stretch of the D cell as u(t). Here kpy represents
the stiffness of the D cell. Both cells are in a tension state.

We give an elementary illustration in Fig.(2.7) for the orientation-mechanical coupling in D
and S cells. We then solve the governing equations Eq.(2.25) with appropriate boundary condi-
tions ¢(x = 0) = o(z = 0),p(z = 1) = po(x = 1), F2(y = 0) = F(y =1) = 0, u(x =
0) = 0,v(y = 0) = 0,u(x = 1) = u(t) and initial conditions p(z,y,t = 0) = po(x,y).
The initial stress-free configuration is a square with length L = 1. We first consider a uniform
situation with ¢o = 450,
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Fig. 2.8 Angle distribution ¢(x,y) with color bar after deformation: p =
33356Pa, K = 1.67 x 10"Pa, b, = 1Pa-s,K, = 107*Pa-m?, v, = 0.8, u(t) =
0.01 xt

The total strain in Fig(2.8) equals 10% when ¢ = 10s. We find that the filaments have an
average rotation of about 7°. There is a large gradient on the left and right side since we assume
a constant value on the boundary.

Time=10s Surface: Stress tensor, x component (N/m?)
T T

1k 1 x10?
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-0‘.4 -0‘.2 f; 0.‘2 0:4 0.‘6 0.‘8 ]I. l.l2 1:4 m
Fig. 2.9 Contour of o,[Pa| with given material parameters in Fig.(2.8)
We find that the average stress in the middle plane * = 0.5 equals approximately 2.8 x

103Pa which is smaller than the normal value due to 5{1 ~ 0.08. Then we consider ¢o(z,y) =
459 sin(2mz)| leading to the following results
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Fig. 2.10 Angle distribution p(x,y) with color bar after deformation: [ =
33356Pa, K = 1.67 x 107Pa, b, = 1Pa-s, K, = 107*Pa-m?, v, = 0.8, u(t) =
0.01 xt
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Fig. 2.11 Contour of c,[Pa] with given material parameters in Fig.(2.10)

Fig(2.10) shows the corresponding angle distribution. There are two regions of dispersion
in red as expected. As the elongation, the region ¢ = 0 grows and filaments rotate along the
stretch direction. In addition, we find the upper free edge also has an interesting deformation
compared with the straight line in the uniform case (see Fig.(2.8)). Fig(2.11) reflects the relative
stress contour and we see the abnormal value on the upper border because of the boundary effect.

Admittedly deformation can give rise to the reordering of the network with filaments. Corre-
spondingly, the self change of the network would generate the inner force of the elastic substrate.
In Eq.(2.25), if we know ¢ = ¢(t), we can get the inner stress as aiﬁ(t) = —2,u5£5 (t). Fig.(2.6)
shows the dispersion change in S cells during elongation which is an evidence for an active net-
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work. Besides, it is proved that microtubules in the network will also generate an active force.
So we combine the two terms in one expression like Eq.(2.17). After we suppose the active
contribution in S cells as o%(t) = diag[o(t), —o(t)].

2.5 Conclusion

To evaluate the stresses during C. elegans elongation, we start from a simplification of the
geometry. Residual stress caused by the initial opening angle is introduced by adding an extra de-
formation gradient matrix before elongation. Different regions of the epithelium are distinguished
in the theoretical analysis and interface continuity is considered. The geometric assumption based
on finite elasticity is verified by experimental data in Fig.(2.3). The elastic stress is calculated by
a constitutive relation. Hyper-elasticity with fiber reinforcement is suggested for the assessment.
The equilibrium equations are solved with appropriate boundary conditions. Besides, active stress
induced by the actomyosin network is considered by a deviatoric decomposition with fiber dis-
persion. Results from Simulations are given briefly for understanding the picture. In our system,
we have to consider three effects of the network with filaments and microtubules. First, we need
to consider the material strength of stretching the filaments. Second we should notice the self
shortening and rotation of these filaments in the network. Finally, we ought to analyze the ex-
tra force contribution of the microtubules. In mechanics, we just adjust the force-displacement
(constitutive) relation and combine the self-strain and inner stress as the force contribution. This
chapter provides the stress calculation for the next section.



Chapter 3

Solutions for crack opening by laser
ablation

In the experiment [8, 84], laser cuts are made on the surface of C. elegans after elongation.
The crack length in equilibrium is [ and the cut will open with size of b. The shape factor is
defined by F = b/l which is related to the displacement field near the crack tip. In linear fracture
mechanics, this ratio can be solved analytically by the far field stress distribution. Whereas, we
will consider finite elasticity because the deformation of the epithelium is about 70%. So we
employ the calculation of the previous chapter in our case. In addition, according to [8], cuts
are made in two orthogonal directions on the epithelium during elongation and cracks open in
both directions. This is strange since the tissue is in the compression state in one direction. So it
visualizes the existence of the active network which was also discussed before.

In this chapter we shall first introduce the fundamental idea of linear elastic fracture mechanics
(LEFM) and focus on a planar open crack. The analytical solution by Theocaris [73, 74] is applied
to finite strain with our modified formula [26] in consideration of the fiber anisotropy and active
stress. But the solution is for an infinite plane. So we employ the extended finite element method
(XFEM) for finite size. The basic algorithm is reviewed in outline and then the complex scenario
is studied in comparison with the analytical prediction.

3.1 Linear elastic fracture mechanics (LEFM) for a planar crack

In this section, we review the basic knowledge of linear elastic fracture mechanics following
the idea of Inglis, Westergaard and Muschelisvili [90, 91, 92]. We try to use the complex method
as well as the Airy stress function to obtain the asymptotic approximation near the crack tip due
to strain compatibility and symmetry.

3.1.1 Review of LEFM

Fracture theory is relatively young compared with other branches in solid mechanics not only
because it requires complicated mathematics but also the physical explanation is limited to the
observation scale before we know better about the matter structure. Here we want to use clas-
sical mechanics to deal with the crack singularity within the linear assumption. Even with such
simplifications, further analysis seemed impossible until some outstanding work made progress

31
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[ > s s B H > s s ]

Problem Coordinate System | Analytical Method | Contributor Year
Circular Hole Polar Real Kirsch 1898
Elliptical Hole Curvilinear Complex Kolosoff/Inglis | 1913
Crack Cartesian Complex Westergaard 1939
V Notch Polar Complex Williams 1952
Dissimilar Materials Polar Complex Williams 1959
Anisotropic Materials || Cartesian Complex Sih/Paris/Irwin | 1965

Table 3.1: Summary of analytical solutions using the linear hypothesis (from lecture notes by
Prof. VE Saouma)

To make a brief review of linear fracture mechanics (LFM), we adopt complex method to
generalize the calculation. We begin with the homogeneous anisotropic constitutive relation in
2D defined by the flexible/compliance matrix a;; [37] as

Ex ailp a2 a3 Ox
Ey = |12 a2 a3 Ty 3.1
Vay (262y) a13 az3  asz| (Tay (0ay)

We can simplify this relation with symmetry of the material e.g. a13 = ag3 = 0 for the orthotropic
case. The strain compatibility in 2D reads

D%e, 625y Oy

= 32
0y? ox?  Oxdy 3-2)
If we neglect the body force, the equilibrium equation in 2D becomes
0oy OTay
Oz oy =0
9o, 0Ty . (3.3)
oy or
One can also introduce the Airy function to satisfy the governing equation Eq.(3.3) by
0’® 0’® 0’®
Oy = 52 ; Oy = el i Tay(Ozy) = —a?ay (3.4)

The definition with a body force potential can be found in [37]. Substituting Eq.(3.1) and Eq.(3.4)
into Eq.(3.2), we obtain

P 5 P © (2012 + ass) P P N P
a1l —— — 213 ———5 a a as) —-
11 By 13 D10y 12 33 2257

Specially in an isotropic situation, the constraint for the Airy function Eq.(3.5) reduces to
1

AP = (E —2)AV =0 (3.6)

8x28y2 - 20/238?&(/ =0 (35)

where o = 1 — v for plane strain and o = 1/(1+v) for plane stress. f = —VV is the body force
which is neglected in the thesis. One key point for understanding the crack is that the singularity
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of stress near the tip is o4, oc 1/4/r [94] where r is the distance from a given point to the tip in
the polar coordinate system. This is quite important for supposing a corresponding Airy function
® in the actual problem.

The stress function can be written in complex form as

<I>(a:, y) = 2R€[‘I’1(21> + @2(2’2)} (3.7)

and there are different choices for ®; and ®5. For the isotropic case, we can use harmonic
potential functions to represent the biharmonic operator [101, ] such as the famous Goursat
form [92]: & = Re [z1(%) + x(z)]. More generally, ® can be expressed in either of the three
equivalent forms as: ® = y© + Oy = 205 + O1 = (2* + y?)O4 + O3 where O; are various
logarithmic potential functions [101, ]. Here we shall focus on the isotropic case with the
method by Westergaard [91, ] for a physical picture about the crack tip asymptotic solution.

Westergaard defines potential function for Mode I as
®(2,y) = Re(¢2 — iyd1) = Reda(2) + ylmg (2)
(3.8)
1= /¢(Z)d2 D 2= /<I51d2

with the first and second derivative of ¢(z) by ¢ and ¢". Thanks to the Cauchy-Riemann con-

dition of analytical complex potential functions, we have obviously A¢; = 0 and the stress
components
>’ :
Oy =55 = Rep(z) + yImg (2)
0*® ’
Oy = 9 = Re¢(z) — yImo (z) 3.9
9’ :
Toy = _m = _yRe¢ (Z)

which satisfy the 2D equilibrium equation without the body force Eq.(3.3). For an isotropic
material under plane stress conditions we have

2
£x O 1 —v 0 Ox
Ey ¢ = dy {v}_E v 1 0 oy (3.10)
Yoy 9 0 0 214+v)| | 7ay

oy Oz

and then the displacement via the integral of the strain with boundary conditions.
We rewrite Eq.(3.4) as [104]

0*®
, *®
Uy—0x+2l7'xy :4@ (311)

o, — %(ax i) 0= %(ax 4 id,)

where @ is a real function and % and % are formal operators defined by Eq.(3.11). In the next
step we employ Eq.(3.10) as

. (00 + 0y) (3.12a)

€r + ey = 0.(u + i) + Oz (u —iv) =
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1
ey — €+ iegy = —20,(u — iv) = %(ay — O+ 2iTay) (3.12b)

Substituting Eq.(3.11) into Eq.(3.12b) with the conjugate on both sides, we derive

2
C90(uiv) = 41TV O®
) 109 I E )
U"‘ZU——;%WL (2) ; M—m

Since 0z(u — iv) = 0.(u + iv), we can obtain a constraint for F'(z) by Eq.(3.12a)

’ — [2, 40-v)] O’® 4
F2)+F () = [M+ — ] = 2Red(2) (3.14)
which leads to 5
F(z) = ng)l(z) + (ic1z + ¢2) (3.15)

where the last two terms represent the rigid rotation and movement. Finally we arrive at the
displacement expression in complex form for plane stress as

, 100 2 1 ) 2
U+ v = —;g + E¢1 = _E(am +10y)®(x,y) + E(Z)l(z) (3.16)
Sih and Paris [97, , , ] take the analytical method for a general anisotropic situation

with a more complicated form. Here we want to continue the analysis of Westergaard for the
crack tip singularity.

Considering the symmetry, we have reason to guess o ~ 0,°/(1 — a®/z?) where a is the
semi-length of the center crack and o, is the boundary stress for y — oco. Here we use the
notation og to follow the lecture notes by Saouma. However, in order to recover o, = 0 for
—a < z < a, we need to modify the formula as oy (y = 0) ~ Re(og/+/1 —a?/z?) — 0. So
Westergaard has the reason to suppose

00

P(2) = —m—— = Py(z,9) (3.17)

i-%
We can get the stress components using Eq.(3.9). Let us do the Talyor expansion near the crack
tipby € = 2 — a = re'® with r/a < 1 and thus

I [a 0 .0 30
= —cos—(1+ sin=sin—) + h.o.
oy(€) = a0 27’0082( sing sin 2) h.ot

0 0 . 30

ol (e) = 004/ %cosi(l - sinisin?) + h.o.t (3.18)
(o) a .6 6 30 thot
= —SIN=COS=COS— .0.
Tay\ &) = 00\ 9, HR 0750

where o, could be reproduced by superposing a linear solution with &, = —oy. It is natural for

Irwin [106, ] to introduce the stress intensity factor (SIF) as
K= lim +27roy ~ og\/ma (3.19)

r—0,0—0
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Fig. 3.1 Geometry of the Mode I open crack: 2a is the initial crack length and o is
boundary stress in the y direction.

where 27 is merely a normalization factor. The work of Sih, Paris and Irwin [97] for Mode I crack
opening in the plane anisotropic case finds [ 104, 106, 108]

u = K/ 27T—TRe{ 1 i 2 [81p2(6089 + .s‘gsim‘))l/2 — sapi(cost + slsin9)1/2]}

(3.20)
2 1
v = K14/ ?TRE:{S1 —3 [slqg(cose + 323in9)1/2 — s2q1(cosf + slsinG)l/ﬂ}
with material constants
Po = a1183 + a12 — a1354
Qo = G1284 + 422 _ a3 (3.21)
Sa
where
So = Qg + iba , ba > 0 (3.22)

are two groups of conjugate roots of the eigen equation [97, 109] by Eq.(3.5) as

a1134 — 2(11383 + (2&12 + a33)52 — 2a938 + a2 =0 (3.23)
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Fig. 3.2 Schematic diagram of the different modes (from [110]).

Following the similar approach by Westergaard, the potential function for Mode II is found
by setting

(3.24)

And the Mode III crack opening induced by an anti-plane shear problem can also be obtained
by a Williams expansion or by the complex theory for an easier harmonic compatibility equation
[104, 105, 106, 108, 107]. For the general displacement of an isotropic material under biaxial
loading, we use the solution by Theocaris [73, 74] for our system in the next subsection.

3.1.2 Analytical solution by Theocaris

Theocaris [73, 74] offers a full discussion for the planar crack opening within the linear limit.
He uses Kolosov-Muskhelishvili relations [92] to obtain the solution in consideration of the ori-
entation of the crack and the biaxial loading.
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Figure 1. The geometry of a biaxially loaded internal inclined crack.

Fig. 3.3 Geometry of the inclined crack with boundary loading (from [74]): 2a is the
initial crack length and k could be negative.

As demonstrated in Fig.(3.3), there is an initial tilting angle S which will generate a mix-mode
solution with Ky and Kj;. The displacements for the crack —a < x < a are given as

us(x) = Crat{(1 — k) (cos2p)x + (1 — k)(sin28)Va? — 22}

(3.25)
ve(z) = Cra{(1 — k) (sin2B)z = [(1 + k) — (1 — k)cos2p] Va? — x?}
where the material constant C),,4 is given by
o0 lane-st
0(1 + Kmat) ¥l plane-stress
Crat = T ) (3.26)
& —(1-v7) plane-strain
E
as well as the stress intensity factors (SIF)
Ki=22"%10 4 k) — (1 — k)cos2f]
2 (3.27)

Ky=20 V2m(1 — k)sin28
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Here we suppose Ci,q: > 0 for a special convention which is different from the original work by
Theocaris [74]. For the compressive case of og < 0, we could set 5 = 0 and £ < 0. There is a
geometry index for the elliptical crack as

Ser = (L+ k) — Crat (1 — k)% + cos2B(1 — k) [Crrat (1 + k) — 1] (3.28)

The criterion gives an open crack with d.,. > 0 and two overlapped lips (branches) when d., < 0.
We focus on the analysis with 0 < Cjqr < 25% where C,,4; has the same order of strain and
25% is really large in the linear assumption.

1) Crack with perpendicular tension force: 5 = 7/2 and |kCyat| < 25%
der =2[1 = Criat(1 — k)] >0

(3.29)
ve(z =0) = £2Chat - a
and we find vy /a ~ 200/E
2) Crack with perpendicular compressive force: 5 = 0and k < 0
Ocr = 2]41(1 + Comat — k:Cmat) <0
(3.30)

ve(r =0) = F21|k| - Cppar - @ — overlap

Besides, Theocaris also compares the method by Westergaard and Sih et al. He then gives the
transform between the two potential functions ¢! and Z;. He then proves the equivalence just
when § = 0 and 8 = 7/2. An extra constant term is necessary for the analysis of the slant crack.

[73].

3.1.3 Modified formula for finite strain

In our case of C. elegans elongation, finite strain is considered with hyper-elasticity and fiber
anisotropy. In addition, active stress, as well as initial strain, are also of the same order beyond
the linear limit. So it is not easy to obtain an analytical solution for the crack shape in classical
fracture mechanics. As far as we know, there is no formula of an open crack shape in anisotropic
hyper-elasticity. Nevertheless, there is the basic picture of Eq.(3.29) that the crack opening length
b is proportional to o/ E which is natural and also favored by biologists due to its simple form.

Following the work by Theocaris, we modify the original formula by replacing o9 and E
respectively with the Cauchy stress o, (F') and the tangent stiffness modulus E,, in the opening
direction. According to the experiment [8, 84], cuts are made in the current configuration and we
use the superposition law to gain the total stress and calculate the tangent stiffness matrix with
information of equivalent components Ey and E.. Here we make a simplification of pure Mode I
crack opening which can be achieved by laser cuts along the special direction. Due to the biaxial
tension state, a small tilting angle can be neglected. We give the relation between the measurable
geometry factor J,, and elastic quantities depicted in Fig.(3.4) as

ba 204
Fo= 0 E.
0q = 0h(F) +og(n,() (3.31)
K2 oo? ool

7 Dinrg P oxs
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F =diag[A,, 4,4, ]
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Fig. 3.4  Geometry of an open crack with initial length lg and opening length b,, in the
biaxial loading state.

where {«, 5} takes {6, z} or {z, 0} and there is no Einstein summation convention in Eq.(3.31).
oP and o are the passive and active stress defined in Chapter 3. We take for C. elegans

oW oW
P(F) = _
oalF) e = Dlnha , (332

[(AAz/20%0:) ™+ (8/20) + (A z/30) > = 3] + 1 [(A/20)” — 1]

W =

=

where \g and \gz are unknown pre-strains. The active stress tensor is decomposed into a volu-
metric/spherical and a deformatic/deviatoric part

o® = —p°I + (diag(0,1,—1)

(3.33)
~ 2 a1 an(Ay — 1)]
™

with two unknown coefficients oy and s for the empirical formula of {. The volumetric part will
be eliminated just like the hydrostatic pressure Eq.(2.12) and Eq.(2.13). Hereafter, we can use
the experimental data to identify all the parameters in Fig.(3.7) with continuous conditions on the

interface of S and DV cells: o = o’V
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Fig. 3.5 Flow chart of fracture factor J with stress in finite elasticity.
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Fig. 3.6  Elongation by active stress with Z/Zy = 1.3,1.5,1.7.
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Fig. 3.7 List of parameters and available data from [8] concerning three positions in
the embryo: head, body and tail and two different kinds of cells: S and DV. Number of
unknowns: 18, measurements: 17 and continuity equations: 10.

We use the shear modulus of the seam cells, (g, as the unit for nondimensionalization. This al-
lows us to get the table (3.2) of all material constants with the help of the crack factor 7 Eq.(3.31)
as well as the experimental measurement (see Fig.(2.3)).

Cos Copv

[f1m] [im] Aoz Aos Xopv a1 as
Head  14.5 33.0 1025 106 1.0326 22 127
Body 10.1 24.8 1.025 1.09 1.05 1.15 3.2
Tail 10.1 24.8 1.055 1.05 1.0232 1.25 2.9

Elastic coefficients: upy = 1.44 ,7¢ = 0.15 , 7py = 0.67 with ug =1

Table 3.2: Geometry and material parameters



42 Chapter 3. Solutions for crack opening by laser ablation

U S N D D S S D S -

S

.
ZZ
i

b=
v # G-Z

\
Lyl

b,/1,=20,/E,

Fig. 3.8 Calculation map with equivalent Young’s modulus defined by Eq.(3.31).

— Head Body — Tuail
A\ in DV direction

V in 4P direction

(a) Crack opening in seam cells  (b) Stress evolution in seam cells (c) Active stress during elongation

Fig. 3.9 Estimate of active stress: (a) Fitting curve for crack factor F = b/l ~
204/ E, with experimental data; (b) Dimensionless passive stress versus elongation;

(c) Estimate of active stress calculated by the connection equation o = o}V

Fig.(3.9) shows us some primary results through the calculation with our modified expression
in seam cells. Our theoretical formulas (solid lines) meet well with the experimental data (hollow
triangles). We can see that through solving a series of nonlinear constraint equations by Fig.(3.7)

with the connecting condition 05 = O'GDV, we can get the active stress ( as a function of the
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elongation Az by ((Az) = of (DV) — of'(S) since molecular motors are mainly active in seam
cells. Then we can identify two parameters a;; and ap for an empirical fitting Eq.(3.33) for such
a mechanism. However, we can just acquire an assessment of stress distribution and the absolute
value of Young’s modulus should be derived through other methods [10, 11, 12, 13, 14]. During
the calculus, we assume stress and strain orthogonality by Eq.(2.5) and Eq.(2.11). Besides we
provide the results of equivalent stiffness coefficients E,, of Eq.(3.31)

Cracks open in two orthogonal directions which implies a biaxial tension state of the epithe-
lium. According to our analysis, there is no surprise for F but it might seem rather bizarre that
the passive part o}, is negative in 6 direction during elongation. So there ought to be an extra inner
tensile stress. Thanks to laser ablation, we can first know the local sign of the total stress with
open for positive and closed for negative. Furthermore, the shape factor reflects more or less the
anisotropy in different orthogonal directions. With data analysis, we finally obtain some quanti-
tative information about pre-strain and active contribution in mean average field. This technique
can be used for other soft matter systems in elasticity. Moreover, we want to simulate the crack
opening in a finite plane on purpose of mechanics. Besides, the real biological system has finite
size. We shall use a numerical method in the next section.

3.2 Numerical simulations with XFEM in MATLAB

We could use the J integral [1 1 1] with a Newton iterative solver for the nonlinear problem. But
here we still want to give an fast estimate of the crack opening factor with our modified formula.
Therefore, we employ FEM with enriched node approximations [38, , , , , ]
because of its simple implementation. There are other numerical methods like BEM, phase field
and MD [117, , ] with techniques for the crack tip interpolation and reconstruction. In this
section, we use the open source code in MATLAB [120]

3.2.1 Basic algorithm

Here we give a brief introduction on the extended-FEM (XFEM) in fracture mechanics.
XFEM is developed to settle all kinds of discontinuities for classical continuum mechanics like
material interfaces and cracks by singular elements and mesh-free interpolations. Essentially, it
is a modification and extension on the basis of FEM. In this chaper, we shall focus on one of its
applications in 2D, the crack problem by enriched elements within the Ritz-Galerkin frame.

We begin with the constitutive relation

0ij = Dijuien = {0} = [f)} {e} (3.34)

where the left equation is written in tensor components and the right in a matrix form. During
the computation, we prefer the latter. Here D = D(u,x) is related to deformation as well as
positions for the general case and we make a strong assumption of Eq.(3.10) which means {f)}
is a constant matrix with only two material parameters. We limit our discussion to the linear
isotropic case. We make a temporary convention: vectors are written in bold and matrices are
labeled with square brackets or subscripts for the size.

The virtual work principle without inertial terms reads

/ 5eTe — / suTh — / suT fy, = 0 (3.35)
Q Q o0
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where b is the body force and f;, is the known boundary force with the Cauchy relation. The
stress-strain and strain-displacement relations in a matrix form were provided previously in Eq.(3.10).
We use the Ritz-Galerkin method [63, , ] with enriched degrees of freedom (DOFs) [38]
as
{u} - [ std} {QStd} + [ em“] {Qenr} (3 36)
{5} = [L] {u} - [ Std] {QStd} + [ enr] {QBnr}

where [ V] is the shape function matrix, {¢sq} is the standard nodes in FEM,{ gy, } represents the
enriched part and [L] is the linear partial differential operator matrix. In each element, we have
the same piece-wise interpolation approximations

ul(z) = u (23 ngq) + u (@ n0) + u (2510

Nstd ng Ner Nasy (3,37)
=Y Ni(@)qr+ Y Ny(x)H(z)qs + Y Nkl(x Z fm(r,0)q
I=1 J=1 K=1

where >° Ny = >> Ny = > Nx = 1, H(x) gives displacement jumps between different phases
and f,,(r, 8) are enriched functions for crack tips which are related to material properties [104,
]. For the isotropic case, we can take the asymptotic basis

[f1, f2, f3, fa] = [\fcos \fsmf \fcos sinf, \/rsin— sm@] (3.38)

For the orthotropic or even anisotropic material, we shall modify the asymptotic basis to ensure
completeness of the solution space. We have the general relationship between stress and SIF as

Y I
Ta 21 22 I )
| - Vo f500)  f35(0)  f35(0)] | Km

where K; = f(g)o;\/ma and f(g) is a parameter dependent of specimen, geometry and loading.
Eq.(3.39) is employed for crack opening in an anisotropic material with the same definition of K;
in the isotropic hypothesis while the square root law has to be modified in other cases which will

not be discussed here [105, , ]. For orthotropic circumstances, it is suggested to use the
following enriched interpolation [ 114, ] as
fi~ [cos\/gl cos—q/gg sm—\/gl s1n—\/92 }
sin?(6) tand (3.40)
ga(0) = cos?(0) + 5 ; 0o =tan” =)
e, €a

where e, are two material constants. The calculation framework in 3D is given in references
[112, ]. Back to Eq.(3.37), two level set functions 1" and ' are used to divide the DOFs
into three types. We assume an initial crack as a straight line in the center of an elastic body in
Fig.(3.10). There are three kinds of elements necessary in Eq.(3.37): the standard element with
ul(2) = uP(x; ngyq), the Heaviside-enriched (H) element with v/ (2) = u"(z; ngq) +u”(2;n5)
and finally the crack tip element with u”(x) = u"(x;n44) + u"(2;ne). For neighbor interface
elements close to the crack body or tips, there is a criterion for whether it needs the Heavi-
side enrichment at the Gaussian integral point [123]. In practice, we initialize all the elements



3.2 Numerical simulations with XFEM in MATLAB 45

with standard interpolations and then identify all crack tips one by one through the criterion in
Fig.(3.11). We first provide the definition as

PUX) = d(X)-n; = ez x (XIP — XLP)

. , (3.41)
X XUP) = (X — X1P) -ty st = —t

Now we shall give several explanations for these two functions on the straight line crack. The
method can also be applied to multi-cracks in 2D and 3D. We define the left starting point as
X;lp , the right end point as X tip , unit tangent vectors to and ¢; as well as tip normal vectors
Nng = eg X to. There is a linear transform map between the global zy coordinates and the
special center 'y coordinates as

X [t] [xXx =X
(5} 83

For the definition of ¢"(X), we define the uniform normal vector in each crack segment as
i = n; and the distance vector d from the given node point X to the nearest point of the crack.
It is obvious that 1™ is positive above the crack line in Fig.(3.11) and negative below the crack.
In the same way we can define another function ! as the signed distance to the nearest crack tip
in Eq.(3.41). In abbreviation, we take ¢!, = ¢/*(X, X4P) for the illustration of Fig.(3.11).

It is easy to understand these definitions with the help of the local coordinate system in the
center of the crack line.

Y2 06Y >0 (3.43)
P>06 (X —X)20; ¢h>06 (X —X,) <0 |

In the actual application, we can determine which tip is closer to the node point by a radius
search algorithm and it is sufficient to decide which enrichment should be implemented for the
concerning domain. The general rule is given by

min(y% )max (¢ ) < 0, min(¢fy, )max(¢fy, ) < 0 = Crack

min(y% )max () < 0, min(¢jy, )max (¢}, ) > 0 = Heaviside (3.44)

7

min(y%, )max(y% ) > 0, min(¢fy, )max (¢}, ) > 0 = Standard

where N; is the node number of each element and 1) is calculated with respect to the near-
est tip point. For example, in Fig.(3.11) the element [ag, bo, c2, do] is calculated with ¢4 and
[a1,b1,c1,dq] is judged by ¥%. For crack propagation, we have to employ an updated algorithm
with an empirical growth formula [120]. In practice we define two narrow bands to target a point.

With these definitions we can assemble the total stiffness matrix by substituting Eq.(3.36) into

Eq.(3.35) as
A1 [Kstd] [Kcoup] i QStd} o {fstd}
[K} - [[Kcoup]T [Kenr]] ; {4} = {qem ; {f = 5

[Kizd/enr] ~ /Qe [Bstd/em“}T [D] [Bstd/enr] dVe ; [Kéte)up} N/ [Bcoup}T [D] [Bstd] dVe
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where [K } is the final stiffness matrix with all DOFs, {G} is the generalized displacement vector

after reordering and { f } is the force vector. For each element i., the local elastic energy with

[K] is calculated by the expanded B matrix.

Enriched Tip nodes

© Enriched H nodes

Enriched Tip element

Enriched H element

Interface element

Standard element

Fig. 3.10 Demonstration of enriched nodes and elements
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We now proceed with a benchmark of the calculus and discuss the effect of the initial angle
of the crack and biaxial loading.

3.3 Results and discussion

In this section we will apply the algorithm to the calculation. First we will use the theoretical
formula with geometric modifications to verify the simulations. Then we use the XFEM to study
the opening of the crack in consideration of different tilting angles with loading. In the following,
we use the SI unit.

3.3.1 Geometry effects

For XFEM in finite size, we need to add a geometric factor for the SIF as [106, ]
Kfq = Bgeo K;
(3.46)
o8} 0 o0
Oy Oy Oy

I
w

Fig. 3.12 Sketch of mode I opening with the geometric effect in full size

We neglect the crack propagation by setting a large value for the critical stress. Theoretically
our geometry factor 7 ~ 20%°/E can offer a priori estimate for an infinite plane where E is cal-
culated by Eq.(3.31). However, the experiment might exhibit size effects which can be simulated



48 Chapter 3. Solutions for crack opening by laser ablation

by XFEM. We fix the geometry with W = H = 4, 2a = 0.6 and mesh size Az = Ay = 1/32.
We focus on the deformation and stress distribution when 0¢°/E = 10% and thus F ~ 0.2. For
the theoretical calculus of the stress intensity factors, we employ Eq.(3.27) and Eq.(3.46).

Deformed Geometry

(a) (b)

Fig.3.13 E = 10°Pa,v = 0.3,0%° = 10*Pa, K} ~ 9.84 x 103Pa,/m (a) Open Crack
(Half size) under uniaxial stretch with F ~ 0.22, K{°"'? = 9.72x 103Pa,/m; (b) Open
Crack (Full size) under uniaxial stretch with F = 0.236, K{"""" = 9.83 x 10°Pay/m
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Fig. 3.14  Stress contour of components 0, and 0,
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Fig. 3.15  Stress contour of components o, and Von Mises value o,
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The code in MATLAB is verified by a simple benchmark study. With finite size modifications,
the results of the numerical simulations are confirmed by the theoretical stress intensity factor.

3.3.2 Tilting angle in biaxial loading

In reality, we have the defect with a tilting angle and the membrane is under the biaxial
tension state according to the experiments [8, 84] which means that the crack is under mixed
mode loading. We again fix W = H = 4 and take Az = Ay = 1/128.

o0 0 v4]
Oy Oy Oy
A T T T A
>
— | —
B
o=k O ) Hl— 0=k o7
KOy x MOy
124
— | s

Fig. 3.16  Sketch of mixed mode crack opening with tilting angle 03 = w/2 — [3 and
biaxial loading parameter kg

In the following we will calculate the crack shape and stress distribution in two states: pure
angle change of 5 < 90° in uniaxial loading with ky = 0 and tilting effect 5 < 90 in biaxial
loading with kg > 0. First we increase 63 as 2°,5° and 10°. Then for 63 = 5% and 63 = 10°
respectively, we add the force in the X direction with kg = 0.2,0.5,1.0. The crack shape is
described in blue. We provide the shape factor F and stress intensity factors K7, Ky of the mixed
mode problem in each case. We use the MATLAB function contour f(X,Y, Z, levels) with 20
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levels for the 2D stress contour plots in the undeformed configuration. The curve density and
shape reflect the singularity near the crack tip and the solution in the total computational domain.
In the experiment, we utilize the shape factor F for the estimate of the far field stress perpendicular
to the direction of laser cuts. This is our main concern in this part. We also provide the stress
plots which might be useful for biologists. For example, the von Mises stress is connected with
the plastic region. o, is the most relevant component. We can see clearly from the contours how
singularity decays with the radius. In this section, we neglect the crack growth as a simplification.

Fig. 3.17 E = 10°Pa,v = 0.3,0% = 10'Pa,8 = 88° ko = 0,K{ ~ 9.83 x
103Pay/m, K& ~ 0.34 x 103Pay/m. Calculation results are F ~ 0.215, K{”™ =
9.80 x 10°Pay/m, Kij™" = 0.32 x 10°Pa/m
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(a) b)

Fig. 3.18 Stress contour of components oy, and Von Mises value o, with 3 =
889 ko =0

etry

Fig. 3.19 E = 10°Pa,v = 0.3,09° = 10'Pa,8 = 85% kg = 0,K} ~ 9.77 x
10°Pay/m, Ky ~ 0.85 x 10*Pay/m. Calculation results are F = 0.214, K{*"" =
9.74 x 103Pay/m, K{™" = 0.85 x 10°Pa,/m
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(a) b)

Fig. 3.20 Stress contour of components oy, and Von Mises value 0, with 3 =
850 ko =0

Deformed Geometry

Fig. 3.21 E = 10°Pa,v = 0.3,09° = 10'Pa,8 = 80%,ky = 0,K} ~ 9.55 x
10°Pay/m, K}y ~ 1.68 x 10*Pay/m. Calculation results are F = 0.207, K{*"" =
9.58 x 103Pay/m, Kij™" = 1.69 x 10°Pa,/m
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o
vm
0 2 4 6 8 10 12 2 4 6 8 10 12
x10% x10%
(2) (b)

Fig. 3.22  Stress contour of components o, and Von Mises value o, with 3 =
80Y, kg =0

From Fig.(3.17) to Fig.(3.22), we find that the crack factor F decreases slightly compared to
the theoretical value 7 = 0.2. Mixed mode crack opening happens as expected with a rising value
of K71. We notice the dark region in oy, and o, which reflects the small-stress area. Compare
the results for different tilting angles, we find that the domain expands along the y direction.
For the small tilting angle §3 < 10° which is observed in the experiment [%], the simulation
with given parameters prove the validity of our modified formula with respect to F. The stress
distribution almost keeps its symmetry despite the rotation of singularity tips. The affected area
of the local stress state due to the cut is described by contour plots.
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Deformed Geometry

Fig. 323 E = 10°Pa,v = 0.3,0% = 10%Pa,3 = 85%, kg = 0.2,K® ~ 9.78 x
103Pa+/m, Kﬁ ~ 0.68 x 103Pay/m. Calculation results are F ~ 0.205, K{""" =
9.76 x 103Pay/m, K{7™" = 0.68 x 10°Pa/m
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0 2 4 6 8 10

Fig. 3.24 Stress contour of components oy, and Von Mises value o, with 3 =
850, ko =0.2
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Deformed Geometr

Fig. 325 E = 10°Pa,v = 0.3,0% = 10%Pa,3 = 85%, ko = 0.5, K® ~ 9.81 x
103Pa+/m, Kﬁ ~ 0.43 x 103Pay/m. Calculation results are F ~ 0.201, K{*" =
9.78 x 103Pay/m, Ki7™" = 0.42 x 10°Pay/m

ayy -

iR T

12 2 4 6 8 10
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0 2 4 6 8 10

Fig. 3.26  Stress contour of components oy, and Von Mises value o, with 3 =
850, ko= 0.5
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Deformed Geometry

Fig. 327 E = 10°Pa,v = 0.3,0% = 10%Pa,3 = 85%, kg = 1.0,K® ~ 9.85 x
103Pay/m, K ~ 0Pay/m. Calculation results are F ~ 0.186, K{”™ = 9.82 x
103Pay/m, Kij™ = —7 x 1073Pay/m

Jyy -

12 2 4 6 8 10
«10% <104

(a) b)

0 2 4 6 8 10

Fig. 3.28 Stress contour of components oy, and Von Mises value 0, with 3 =
850, ko =1.0

With a fixed small angle 65 = 5°, the shape factor F decreases as kg increases. Because of
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finite strain, the stretch along the crack will increase the displacement of the tips, which is not
considered by our formula. The stress distribution o, does not change too much with the loading
along the x direction. But the large-stress domain grows with the external stretch.

Fig. 3.29 E = 10°Pa,v = 0.3,0° = 10'Pa,8 = 80", ko = 0.2,K{ ~ 9.61 x
103Pay/m, K& ~ 1.35 x 103Pay/m. Calculation results are F ~ 0.204, K{”™ =
9.64 x 10°Pay/m, K{j™ = 1.34 x 10°Pa/m
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Fig. 3.30 Stress contour of components o, and Von Mises value o, with 3 =
800, kg = 0.2

Fig. 331 E = 10°Pa,v = 0.3,0% = 10%Pa,3 = 80% ko = 0.5, K% ~ 9.70 x
10°Pay/m, Ky ~ 0.84 x 10*Pay/m. Calculation results are F = 0.202, K{*"" =
9.73 x 103Pay/m, Kij™" = 0.82 x 10°Pa/m
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Fig. 3.32 Stress contour of components o,, and Von Mises value o, with 3 =
80°, kg = 0.5

Fig. 333 E = 10°Pa,v = 0.3,0% = 10%Pa,3 = 80% ko = 1.0,K¥ ~ 9.85 x
103Pay/m, K ~ OPay/m. Calculation results are F ~ 0.189, K{”™ = 9.88 x
103Pay/m, K[ = 7.8 x 1073Pa/m
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Fig. 3.34 Stress contour of components oy, and Von Mises value 0, with 3 =
800, kg = 1.0

Now we compare the figure groups Fig.(3.23 to 3.28) and Fig.(3.29 to 3.34). First, the shape
factor is almost the same with given parameters and boundary conditions. Second, the stress
intensity factors K7 and K7y satisfy Eq.(3.27) with the same geometric modification Eq.(3.46) for
finite size. Last but not least, the stress contours of o, and o, are also quite similar when
ko = 0.5, 1.0. Biaxial loading will decrease the effect of the crack orientation when 53 < 10°. In
conclusion, our modified formula works in all situations above. But the local stress distribution
depends on the angle change and loading condition.

3.4 Conclusion

In this chapter, a modified crack opening factor is suggested by substituting the original
Young’s modulus in the linear instance with an equivalent one from the tangent stiffness ma-
trix. The tilting angle of a crack under biaxial loading is considered. Stress intensity factors and
the crack opening factor are acquired by both theoretical and numerical methods. For a tilting
angle 63 < 10° and biaxial loading kg < 1, formula F, = 20,/E,, Eq.(3.31), gives a rela-
tively accurate estimate. For finite size with irregular geometry, XFEM could help us recognize
the displacement and stress distribution even in anisotropic systems. Results in Fig.(3.9) demon-
strate that active stress is of the same order as the passive one during C. elegans elongation which
could explain the crack opening in both orthogonal directions in the experiment. Laser ablation
technique is verified as a powerful tool for biologists for tissue scale mechanical measurement.

In this part, we have employed finite elasticity with fracture mechanics to deal with our bio-
logical problem. We have given a theoretical analysis for the deformation of C. elegans elonga-
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tion. We have also provided the stress-strain relationship in consideration of the active network
in the seam cells. Finally we have derived a simple formula for a stress estimate by laser ablation.
Theoretical and numerical solutions explain the experimental results very convincingly.



Part 11

Buckling of Drosophila wing disc

We study the buckling of the Drosophila wing disc by nonlinear elasticity. We model the
system as a bilayer composed of a soft substrate and a stiffer and thinner extracellular
matrix (ECM). We find two deforamtion scales shown in Fig.(0.6). In this part, we focus on
the bending at the tissue scale. Meanwhile, 3D solid finite element simulations are
time-consuming for thin bilayers. So we choose two kinds of methods in chapter 4 and
chapter 5 respectively. First we treat the bilayer structure as a whole slender plate in
chapter 4 because both layers are still thin compared to other length scales. We use the
homogenization method to get the equivalent monolayer equations with inner bending
induced by growth and active networks. We discuss the 1D case and present an analytical
solution. We find that an extra nonlinear term will break the symmetry of the buckling
shape. We consider the defect of the ECM in the bending stiffness. Then we use COMSOL
for 3D shell simulations. In chapter 5, we model the bilayer system as a 3D solid with
nonlinear Euler beam elements. Geometrically nonlinear elasticity is considered in finite
element simulations. Growth in beams and solids is included by inner stress. A platform in
MATLARB is used for the simulations with a friendly interface for secondary development.

Finally, we study 2D wrinkling and folding simulations with viscoelasticity.

63






Chapter 4
Bilayer Fvk model with growth

Growth of thin layers can explain the shape diversity observed in nature such as in flowers,
leaves or algae. A decade ago, the formalism of a growing plate [125] has been established
and has shown that inhomogeneous growth inside a thin layer may induce buckling, generating
simultaneously the so-called Gaussian and the average curvature in the FvK equations. Whereas,
many thin living objects are made of several layers which have varying elastic properties and also
follow different rules of growth. The scope here is to extend the analysis from a single layer to a
bilayer [126, Jwith distinct moduli and growth but remaining thin. Besides, we also consider
the role of the extracellular matrix (ECM). Biologists can modify this layer which, in our case,
changes the bending stiffness, growth and even active momentum in the model.

FvK equations are the preferred tool for us: assuming an initially planar plate, the order of
magnitude of the vertical deflection ( may be much larger than that of the thickness h of the plate
but smaller compared with the horizontal length L. These restrictions concern also the bilayer
specimen. We shall employ the same method in Chapter 1 to obtain governing equations for the
thin bilayer plate in section (4.1) with discussion of the 1D case. We consider 3D simulations
with complex geometry in section(4.2).

4.1 Governing equations with growth

In this section, we will derive the bilayer Fvk model with growth. Then we will introduce
the bending contribution induced by bilayer growth and the active network. In order to determine
the neutral surface for the equivalent monolayer model, we minimize the corresponding elastic
energy in 1D. We also analyze the 1D case with the ECM defects and a new quadratic term.

We start from the elastic strain in finite deformation theory. According to the famous Kroner-
Lee decomposition [128], the deformation gradient tensor F' results from both the elastic tensor
A and the inelastic growth part G in a simple way:

F = AG “.1)

When growth is relatively small, we can linearize the matrix as G;; ~ d;; + g;; with |g;;| < 1.
And thus
A=FG ' FI-5g) 4.2)

To calculate F', we use the kinematic relations Eq.(1.32,1.33,1.34) and neglect higher order terms
within the Fvk limit

65
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The elastic strain tensor becomes

E=3ATA-1)=

1,0u?  Oud ¢ ¢ ¢ _ 1
i~ §<6Tc] (%UZ — Gij + 873318737]) - 87377973531533' + 5(%1'531' + Uz‘153j) 4.3)
Z— 7y (au} au}-)
2 8:Cj 8:61‘

where g equals two times the symmetric part of the linearized growth tensor, i.e. g;; = (gij + Jji)-
This notation shall be used for the following discussion.

In this thesis within the Fvk limit, we use the homogenization method by taking the integral
over the thickness and consider the difference in each layer as a kind of inner angular momentum
or extra force on the neutral surface. Due to small but finite strain for such biological systems,
we still apply Hooke’s law. We also take the standard membrane hypothesis: ;3 = 0 as we have
demonstrated in the monolayer model. Then, for every layer, the in-plane stress-strain relation in
the isotropic situation reads 0,5 = % ((1=v)eqp+veyy0ap) Where eqap = 535—1— (Z— Zn)s}w .
With F;3 = 0, the first-order bending part (Eq.1.37) related to 5(11 3 becomes

0 0
Ul(z,y) ~ (—%C +g13); Viz,y) ~ (_@C + g23) 4.4)

So the zero and first order membrane strain are given by

0 1, 0uq, Oug 0C OC 1

€ap & 5( ) - 59aB Eas ~ —OapC+

0953 | 0Ga3, Lg
(8a:a * Oz ) = ~OapCHeas

4.5)

1
Oxg  Oro, 0Oz Oxp 2

It is not difficult to obtain the Euler-Lagrange equations with growth as

AD(A( — Cp) — 0a(Napds() + 8aBM§6 =0

0 dz) = -2 (Nas) = 0 (0
8555(/%5 )_87:1:/3( ap) =

The first equation represents the out-of-plane bending equilibrium and the second one stands
for the in-plane stress equilibrium with the following definitions

D:/ E (Z — Z,)%dZ

1—12
1 E 09~3
Cu = D / m(z — Z)? 8:1; dz “4.7)
E 1 1
MSg = - /(Z — Zn)oogdZ ~ /(Z — Zn)m[(l - V)§9aﬁ + §V9W75a5]dz

where M7 3 is the inner angular momentum due to the growth gradient. We consider the
bilayer with the volume set 2 = So(x,y) x [—hg, h¢]. Here we set the coordinate system on the
interface Sy, which is a plane for the moment i.e. Z = 0. hg is the thickness of the bottom layer
(substrate) and h; stands for the top one (film). We assume that these two layers connect each
other, do not separate during the deformation and share the same Poisson coefficient.
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The total free energy is the sum of the upper film and the lower substrate (without debonding
surface energy [129]).

h 1 1
5:/ de 70 € d:z:dy+/ fa € dxdy (4.8)
0 So(z,y) 2 So(z.y) 2

On the binding surface Sy(x, y), we have the continuity of the interface (at Z = 0)
{U v ¢ ={U=, V=, ={U% V", (H(z,y) 4.9)

The principle of minimum potential energy of a conservative system states
STl =66 — [ pécds — / Negn Suadl — / Q.. 8Cadl — / Mo 8Cagdl = 0 (4.10)
So 950 350 980

Here p is the out-of-plane deflection force; @ is the edge shear force and M is the edge
bending momentum on the boundary of Sp. For the variation of u°, we have the in-plane force
equilibrium equation about the plate.

Nagp =03 Nag ::/ a,BdZ hyo,, 0.1 + hsa “4.11)

where we use [(Z — Z,)0,, 5dZ = ( due to minimization of the potential energy which will later
be presented by a 1D case study. We neglect the higher order bending terms in the classical Fvk
limit.

In principle we can assume all kinds of boundary conditions for the degree of bending (. For
a clamped membrane

(=Ca=0 (4.12)

And for a "free boundary", classically it reads with Kirchhoff conditions [130]

Mu,=0; Q, + BMM =0 (4.13)

where n and s are, respectively, the normal and tangent dlrection of the boundary. For simplifica-
tion we just consider the main linear part of the boundary conditions.
4.1.1 Active momentum by ECM and initial curvatures

We could also reckon that the inner bending is induced by the ECM. As a simple implemen-
tation, we assume that the elastic curvature tensor equals

KaB = Kag — Kag (4.14)

where kg 5 is the momentum contribution by the active network. The bending energy with the
Kirchhoff assumption reads

Evend = *Daﬁwci(’iocﬂ 5)("‘"‘16 - '%%5) y Rap = Caﬁ (4.15)
Thus we can obtain the modified governing equations (see Eq.(4.7)) as

AD(AC —Cy) — 8Q<Na56gC) + 8Q5M26 = 8a5(D/€36)

. 5 (4.16)
7(/ OapdZ) = T%(Naﬁ) =0
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For the effect of an initially curved shape w(z, ), we use the shallow shell approximation of
chapter 1. The equations become

AD(AC — Cy) — 8Q(Na535C) + 8a5Mg6 = 6a5(D/€ZB) + Nagaagwo

o o “4.17)

— dZ) = —(Nug) =
55 [ 70002) = - (Vag) = 0

Furthermore, we can use a term p®J(x,y) to combine the contribution of an active momentum
and growth differences as

AD(AC —Cy) — 8Q(Na53ﬂo = Nagaa/gwo + p¥(x,y)

a _ a g
P (z,y) = Oap(Drgg — M7s) (4.18)

0 0
— dZ) = —(Nup) =0
55 7002) = - (Vo)
While the governing equations are not closed with the unknown Z,, in Eq.(4.7). We have to make
sure that our theory reduces to the composite Euler beam formulation with Kirchhoff hypothesis
in 1D. Next we will discuss the 1D case and determine the neutral surface Z,, via a minimization
of the strain energy.

4.1.2 Reduced 1D case with clamped boundary

We use Eq(4.8) and assume uniaxial deformation by taking 095 = 0 and €1, = 0. The free
energy in 1D is then given by
d*¢

E(Z — Z,)? d*

1
5:/700—2—2 0S¢ C5 _Con)?dzdS (419
27 ¢ ( n) (dl'Q )+ 2(1 —v?) (dw2 M) (4.19)
where C')y is defined by Eq.(4.7).
dU® 1.d d? d
The elastic strain components reduce to € = T 9u + 5(%)2 é el = —d—xg + %
and the stress components of different orders tend to 0 = Ee°; o el.

T 12
Next we minimize the elastic energy with constant Z,,

5E d2(

&2
e N(Z>
5z, ~ 07 N(Gs

dz?

o (M E
—Cw) / (Z—2Z)dZ =0 (420)
—hgl—v

—Cm) —(

where N = [0%dZ = Ny;. To be consistent with the pure bending of the small-strain case,
we take vy = vg = v and

[ Bz - 2)/0-vhaz =0 @421)
which gives the bending stiffness for Eq.(4.6)
p__ L1 Ejhy+4B;Bshihs + 65 Eshihy + ABrEshshs + Eghy 1 -
1201 = %) Erhy + Eghs 12(1 —v2)

(4.22)
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In addition, we can get the expression of M? 5 1n Eq.(4.7) since u, v, (¢ are independent of 7.

We take the bending stiffness for the incompressible case as D(v = 1/2) = Dy /5 = %f).

1 -
The formula is verified by the composite beam theory with D(v = 0) = Dy = ED where
_ Esh% — Esh}
" Q(thf—i-Eshs)
hy.

from Eq.(4.21) by taking the integral over the thickness from —hg to

Stress equilibrium gives a simple result in 1D as
N = /E(Z)eodZ = Nj; = Const. (4.23)

Bending equilibrium now reads

42 d% dgi3 d? d%¢
—(D— - D22y 4+ — MY — N— = Nu® (4.24)
d:v2( dx? dx )+ dx2 1 dax? Wep +P(7)
where
hy E(Z — Z,) hiy B(Z — Zy) O E(Z - 2Z,)
Mg:/indZ:/indZ/indZ 4.25
n= L, T 9 A [z Jrdl+ he 122 98 (4.25)

For the moment we assume that each layer has uniform growth g7 ¢ , so M{, equals a constant
in the bending equation but acts as an extra angular momentum on the boundary. And w?, is the
initial curvature of the stripe by the shallow shell approximation.

With Eq.4.24 divided by Eg, we obtain the dimensionless equation as

d? d? d
D ¢ 913

L4
2P e P

_ &S
) dx?

= N*u + p*(2) (4.26)

X
where the dimensionless bending stiffness D* is

ne a?Br 4 4ap? + 6032 + 4aB + 1

D= 5a oy af+1 27
with the following scaled quantities
a=FEf/Es ,0<a<1
ng=nhy/L ,0<nr <1
ns=hs/L ,0<ns <1
B =hs/hs =ns/ns
x=z/L ,-1/2<2x<1/2 (4.28)
¢=¢/L, 0= ¢ <Gl
w* =w/L
N* = Ny/EsL
p* =p/Es

Next we try to find the buckling solution with MATLAB and MANLAB in 1D [131]. We focus
on buckling phenomena induced by the inner stress N due to growth in Eq.(4.23). Furthermore,
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we take COMSOL [132] for the complicated situation in 3D. We employ Matlab to deal with the
bending equation with constant growth in Eq.(4.25).

a2 d%

L4
az\P g

where p* includes the active momentum and growth in Eq.(4.18) with the shear effect g;3 from
Cys in Eq.(4.7,4.26). Since the real bilayer system is not perfectly uniform and the inner mem-
brane force [V will also change the location of the neutral surface in Eq.(4.20), we attempt to take
this into account in the next section.

4.1.3 Solution with nonlinear effects

In this section, we will describe the nonlinear effect stemming from the location change of
the neutral surface Z,, with an analytical solution. We perturbate the neutral surface as Z,, =
Zy + eph¢. The dimensionless bending equation becomes

2 2 * 72
@ ¢ b dEdg

d2§
pr S D s e

where

b = I3 + B) 431)

The change of Z,, induces a nonlinear term of order O(b(?). We want to find an analytical solution
to show the role of this nonlinear effect. With dD/dx = 0, p(z) = 0,w" = 0 as well as constant
growth, the bending equilibrium is integrable as

¢ b dC
D*— + —(—)*= N~ A B 4.32
dz? = 2 (dx) C+Az+ (4.32)
where D* | b* are defined according to Eq.(4.27,4.31) and A, B are integral constants. Further-
more, we assume ((x) is an even function and thus we have A = 0. So we have the implicit

/

1 1
analytical solution with {((+=) =( (£=) =0

2 2
d¢ IN*Cp, e P ¢ —1 ¢

2 o, e b —
vz ’ _5y>0 —1/2<a<1/2 433
(= g - 220~ <y @.33)

where N* is supposed negative (compression stress to assure the right hand side is always posi-
tive), (o is the peak/valley deflection of the plate and it can be solved by ((0) = (. Finally we
can get the solution with the integral of Eq.(4.33).
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£(0)
0.4
1/R,:107* 5107

0
-0.4 Amplitude with

enough perturbation
08  -N/D _
0 20 40 60 -0.5 0 0.5

Fig. 4.1 Analytical solution with v = 0.5, = 50,7y = 0.0005,ns = 0.01,¢ =
1,b*/D* ~ O(10): (a) bifurcation map (b) deflection shape of two branches with in-
creasing N

Fig.(4.1) shows the bifurcation diagram (left) and the buckling shape of two branches (right)
due to the nonlinear effect. ( is the nondimensional deflection with ( = (/L, x is the nondi-
mensional position. ((0) is the peak value at the middle point x = 0. In order to increase
the numerical convergence, we suppose wy = —d(x — 0.5)(x + 0.5) with an initial curvature
1/Ro ~ wY: = —24 where § is a small quantity. There is a symmetry breaking due to the square
term of . But when ( is not large, (0) < 0.1, one finds that the shapes of the two branches are
quite similar. After we should consider defects of the extracelluar matrix.

4.1.4 Solution with ECM defect

In the experiment, biologists can remove a part of the ECM during morphogenesis of the
wing disc. In mechanics, this reduces the bending stiffness D directly in Eq.(4.22). We use the
following form

D*(x) = Dy — (Do — Dg)exp [ew(x - mm)g/de] >0

(4.34)
b(x) = b (1 = exp |ew(w — 2pn)?fduw?])

where x,, is the position of the defect, dw reflects the removed length and we take ¢,, =~ —10 for
this experimental formula. It is obvious that when dw — 0, we have D* = Dy. Near x,,,, D =
Dy(Es, hs) > 0 and far away from the defect domain, D = Dy(E¢, hy, Es, hg) > Dy.
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E,1Es =50 el E 1B =50 g
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(a) ECM defect: x,, = 0.2,dw = 0.1 (b) ECM defect: x,, = 0.3, dw = 0.2

Fig. 42 Defects with D(x). (a) Different buckling shapes between analytical so-
lutions (left) and results in consideration of bending stiffness distribution (right); (b)
buckling shapes and the bifurcation diagram with given parameters. Arrows point out
the rise of the membrane force N induced by constant growth in Eq.(4.23)

In Fig.(4.2a), we remove the ECM near x,, = 0.2 with dw = 0.1. It does not change the
shape of the solution compared with Fig.(4.1) but the position of the peak. In Fig.(4.2b), we
take x,, = 0.3 and raise dw to 0.2. We find it generates a buckling mode shift for one branch.
Moreover, there is an instability shown in the figure. We suppose a buckling shape controlled by
growth together with the ECM defect.

In the following, we want to simplify the nonlinear effect by replacing it with a simple
quadratic term.

4.1.5 Quadratic effect calculated in MANLAB

We substitute the nonlinear term referred to (%)2 in Eq.(4.30) with ¢2 in the toolbox MAN-
LAB [131] for the calculation. The governing equation becomes
d?  _, d*C

D*=>)— N*

d2C
a2 P g

T8 = Null + k¢ + 2262 N*p(a) + po(a) (4.35)
where ks is in our concern and k; behaves like a linear Winkler foundation [133]. —Np(z) is
a term proportional to growth, po(z) is the initial deflection force and Nw?, reflects the effect
of the initial curvature. We write the general model in MANLAB but we focus on the role of
ko. After the finite difference procedure, the discrete governing equation can be generalized as a
constant part Lo, a linear operator L(U) and a quadratic term Q(U, U).

R(U) = Lo+ L(U) + QU,U) =0
Gi (4.36)

U= |N
A
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where

(4.37)

d2
7(D@Q) — k1G — Ap(w;)
—N — )

> ky o
QU) = {—Ndﬂf; - 29']

Weuse D = 1,2 = x/L,{ = (/L to normalize the equation Eq.(4.35) with the ECM defect
defined by Eq.(4.34). p(z) is a force system for the test of the quadratic term ¢? with no significant
physical meanings. With Eq.(4.36,4.37), A = — N is positive and it is assumed to be a continuous
loading parameter in the buckling analysis. After we define 0 < z < 1 and we take the deflection
value at the middle point {(0.5) for the phase diagram. The results are as follows
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(a) Deflection shape with variable A (b) Diagram of {(x = 0.5)with variable \

Fig. 4.3 Results with Dy = 1,D; = 0.5,2,, = 0.5,dw = 0.2,k; = 0,k =
10000, p(x) = 0. (a) Buckling shape with ECM defect; (b) diagram with given pa-
rameters
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Fig. 44 Results with Dy = 1,D4y = 05,2, = 0.5,dw = 0.1,k; = 0,ky =
10000, p(x) = 100§(0.5) — 1006(0.3) — 1005(0.7). (a) Buckling shape with ECM
defect; (b) diagram with given parameters

In Fig.(4.3), we can see the buckling shape (one branch) and the diagram with the loading
parameter A\ versus deflection value at x = 0.5. There is a continuous phase transition with no
external deflection force. In Fig.(4.4), phase transition disappears due to p(z).
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Fig. 4.5 Results with Dy = 1,D; = 0.5,2,, = 0.5,dw = 0.2,k; = 0,k =
10000, p(xz) = 1006(0.5) — 1006(0.3) — 1006(0.7). (a) Buckling shape with ECM
defect; (b) diagram with given parameters

We increase the defect area from dw = 0.1 in Fig.(4.4) to dw = 0.2 in Fig.(4.5). One
observes shape change similar to Fig.(4.2). In addition, there is a critical point in Fig.(4.5b).
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Fig. 4.6 Results with Dy = 1,Dg = 05,2, = 0.5,dw = 0.2,k = 0,k =
100, p(x) = 1006(0.5) — 1000(0.3) — 100(0.7). (a) Buckling shape with ECM defect;
(b) diagram with given parameters

We then decrease the quadratic effect by ko in Fig.(4.6) compared to Fig.(4.5). We observe a
different bending shape with loading.
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Fig. 47 Results with Dy = 1,D; = 0.5,2,, = 0.5,dw = 0.2,k; = 0,k =
10000, p(x) = —1006(0.5) + 1005(0.3) + 1005(0.7). (a) Buckling shape with ECM
defect; (b) diagram with given parameters
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Fig. 4.8 Results with Dy = 1,Dy = 0.5,z = 0.5,,dw = 0.2,k; = 0,ky =
100, p(x) = —1006(0.5) + 1006(0.3) 4+ 1006(0.7). (a) Buckling shape with ECM
defect; (b) diagram with given parameters

Finally we show the symmetry breaking due to k2. We compare Fig.(4.7,4.8) with Fig.(4.5,4.6).
Difference increases as the rise of k. In addition, we find an unstable point in Fig.(4.7).

In conclusion, the quadratic term associated to ko will break the symmetry of the solution like
the nonlinear effect b* in Eq.(4.32). Buckling shapes induced by growth with different parameters
were found numerically by writing a self-defined class document in MANLAB. We have assumed
constant growth in each layer in the calculation (see Eq.(4.25)). We will use the COMSOL shell
to calculate more complicated situations referred to differential growth and complex geometry in
3D.

4.2 Numerical implementation in COMSOL

We employ the COMSOL shell [46, s ] for 3D simulations referred to Eq.(4.18). First
we will discuss the inner bending induced by growth and the active network in section(4.2.1).
We then set up the geometry for a thin wing disc and add in-plane growth in section (4.2.2).
Afterwards we consider the additional bilayer bending and the ECM defect in section(4.2.3) and
(4.2.4). Finally, we introduce the nonlinear term in section (4.2.5).

COMSOL uses the SI unit system as default. Particularly, we use the unit [m] for the length
scale. It does not change the strain and final deflection results during the simulations. But we
should be careful about the loading.

4.2.1 Active bending with growth

First we imagine a bilayer plate with parameters in Fig.(4.9)
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Fig. 49 Sketch of bilayer: L, = 1,L, = 0.5,hg = 0.01,hy = hg/20,Es =
1Kpa, Ef = 50Kpa, v = 0.3,Z, = —0.00125,D = 3 % 10~*Pa - m3,E = 2.9Kpa

The coordinate system is set on the interface of two layers with Z = 0. The diagram also
provides material parameters and geometry size.

We assume growth only in the soft substrate as gi 5 = 0and neglect the membrane force with
Nqp = 0. Furthermore we take growth as a function of position gg 5(30, y). Then the governing

equations Eq.(4.18) with definitions Eq.(4.7) read
AD(AC — Cwn) = Oap(DrG5 — M)

. 1, Es 1 g 1 (4.38)
Ma,@ = —i(hs + 2hSZn)m[(1 - V)igaﬁ + 5”9'7750‘6]

where the second equation can be deduced by taking the integral over the thickness from —hg to
hy. Moreover we assume a constant [D and neglect the shear effect C'y/, so we have

DAAC = DAAW® + ¢

Oapw” = Kap (4.39)
1 Egh%
21 —12

Zin 1 1
(1+ ths) - Oap[(1 - V)§9§5 + 51/9%50(5]

g% =

We have to be careful about the definition of the growth tensor in Eq.(4.3) as gog = Jag + 98a-

If we assume g;2 = 0and D = ﬁ, we get the expression of ¢% as
6Egh? Z } _ _ _
g5 =D- Ehgs (1+ 2?;)[81‘22 T+ Oy + v(02adsr + Oyydts)) (4.40)

After we run simulations in COMSOL with the parameters of Fig.(4.9). We take ggﬁ = 0 and
w?(z) = 2%(1 — z)? leading to k¥, = 1222 — 122 + 2 with the following results.
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Fig.4.10 Deformation by active bending in clamped-clamped boundary condition: (a)
deflection curve: vertical displacement w versus x with L, = 1, L, = 0.5 in Fig.(4.9);
(b) Von Mises stress contour

The deflection curve in Fig.(4.10a) meets well with the 1D approximation { ~ w® = z?(x —
1)2. Then we take w® = 0 and g7} = dexp|—7(x — ., )?] resulting in g% ~ Sexp[—(x — )] *
[47*(z — 2m)* — 29].
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Fig. 4.11 Deformation by differential growth along the x axis in clamped-clamped
boundary condition: § = 0.1,y = 1000, z,,, = 0.5 (a) deflection curve: vertical dis-
placement w versus x with L, = 1, L, = 0.5 in Fig.(4.9); (b) Von Mises stress contour

In this case ¢Z behaves like a special force with an exponential rate 7. Both results in
Fig.(4.10) and Fig.(4.11) demonstrate that global bending can be induced by active networks
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and differential growth.

Then we add growth directly in the membrane strain with the linear decomposition € = €€ +
£'h [88] which means that the total strain is composed of an elastic and an inelastic part. We focus
on the buckling by in-plane loading. In the following simulations, we suppose that the thin ECM
only contributes to the bending stiffness and active momentum.

4.2.2 Equivalent monolayer shell with in-plane growth

We simplify the real complex geometry of the wing disc as an ellipsoidal shell (see Fig.(4.12)).
We assume the structure is very thin with in-plane expansion. The boundary is fixed. We want to
use the bilayer plate/shell model to offer some predictions for the biological system.

0.5

0.5
M 0.02 £

A
"X

R,
1,-R, <2< Ry,—R, <y < Ry,2(x,y) >0withR, =05,R, =02,R, =
0.05 and thickness d = 0.001; ' = 1Kpa, v = 0.33. Initially all boundaries are fixed.

Fig.4.12  Sketch of geometry in COMSOL.: Ellipsoid surface (RLI)2+(R%)2+( 2 )2 =

After the homogenization process, we can set the equivalent Young’s modulus and thickness
for the shell and choose arbitrary functions respectively. In this section, we assume a uniform
growth with a Gaussian distribution for the local difference as

eth(x) 0
=9 __
%_[ 0 eth(a) ]

et(x) = o' (1 4 B exp {—’yth(x - xm)z}) M R, <z <R, 0< MM <1

(4.41)

where " is the value of uniform growth over the domain, 5" is the amplitude of extra growth,
~t" stands for the decay rate, x,,, is the center of this gradient distribution and A" is the loading
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parameter ranging from 0 to 1. Special attention is paid on the final buckling shape which is
important for biology. We study how different deformation arises with the controlling parameters.

Surface: Displacement field, Z component Mesh
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0.01

NI o

v 1.26x107°

Fig. 4.13 Buckling shape with z,, = 0, o = 0.03, 8" = 1,~4* = 1000, d = 0.001

The in-plane growth of a thin shell can generate local buckling (see Fig.(4.13) with displace-
ment contour). We set maximum growth a‘® x (1 4 ") = 6% within the linear limit.
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Fig. 4.14 Deflection shape w + Z in Fig.(4.13) for NP = 0,0.2,0.4,0.6,0.8,1.0 with
given parameters: (a) along path AOA’; (b) along path BOB’

Fig.(4.14a) shows the buckling curve along AA" as y = 0. We see that there is a bulge due
to the localized in-plane expansion difference in Eq.(4.41). Since the center point grows more, it
buckles more. But in the perpendicular direction, deformation is smooth (see Fig.(4.14b)). Here
A" is the loading paremeter defined in Eq.(4.41).
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Surface: Displacement field, Z component Mesh
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Fig. 4.15 Buckling shape with z,,, = 0, a!" = 0.03, 8" = 1,~4*" = 10,d = 0.001

We lower the coefficient 4" in Eq.(4.41) from 1000 to 10. The solutions become smoother
near the center. The bulge of the previous case disappears while the total displacement increases
in Fig.(4.16) compared to Fig.(4.14).

Line Graph: w+Z (m) Line Graph: w+Z (m)
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Fig. 4.16 Deflection shape w + Z in Fig.(4.15) for NP = 0,0.2,0.4,0.6,0.8,1.0 with
given parameters: (a) along path AOA’; (b) along path BOB’
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o

Surface: Displacement field, Z component Mesh
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Fig. 4.17 Buckling shape with x,,, = 0, o' = 0.03, 8" = —1,4*" = 10,d = 0.001

Then we suppose less growth in the center part by setting 3" = —1 with v** = 10. In
the experiment, this translates to a low dividing activity in the middle. Fig.(4.17) and Fig.(4.18)
demonstrate the deformation. In comparison with the previous solution, the buckling shape is
quite flat.

Line Graph: w+Z (m) Line Graph: w+Z (m)
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Fig. 4.18 Deflection shape w + Z in Fig.(4.17) for NP = 0,0.2,0.4,0.6,0.8,1.0 with
given parameters: (a) along path AOA’; (b) along path BOB’
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Surface: Displacement field, Z component Mesh
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Fig. 4.19 Buckling shape with z,, = 0,a!® = 0.03, 6" = —1,4" = 1000,d =
0.001

Finally we increase 7' compared to Fig.(4.17,4.18) and we find a new buckling shape. We
focus on Fig.(4.20a) and there is an obvious indentation as opposed to Fig.(4.14a).

Line Graph: w+Z (m) Line Graph: w+Z (m)
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Fig. 420 Deflection shape w + Z in Fig.(4.19) for \* = 0,0.2,0.4,0.6,0.8, 1.0 with
given parameters: (a) along path AOA’; (b) along path BOB’

The results demonstrate that within the linear limit, i.e £/ < 0.06 in our case, exponential
growth can generate local buckling phenomena in complex geometry.
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4.2.3 Additional bending

We introduce an additional deflection force for the bilayer with growth only in the substrate
as

1 Egh? z
d =S (14250) - 0,01 th
G5 =572+ 25 0) (L V) (4.42)

a:cazfth(fc) = athﬁthemp[_'yth(x - xm)z] [4(’7th)2(37 - xm)2 - 2'Yth] x AP

with the definitions of section 4.2.1. Z,, in Fig.(4.9) can affect the extra bending part ascribed to
varying expansion of the two layers. For a monolayer or hy/hs < 1, Z, = —hg/2 and thus
qg = 0. We take Z,, = 0, hg = d for simplification in this section.
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Fig. 421 Buckling shape with z,, = 0,a!* = 0.03,8" = 1,4 = 1000,d =
0.001,Z, =0
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Line Graph: w+Z (m) Line Graph: w+Z (m)
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Fig. 4.22 Deflection shape w + Z in Fig.(4.21) for \* = 0,0.2,0.4,0.6,0.8, 1.0 with
given parameters: (a) along path AOA’; (b) along path BOB’

Compared to Fig.(4.14a), there is a buckling shape change in Fig.(4.22a) due to Eq.(4.42).

Surface: Displacement field, Z component Mesh
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Fig. 423 Buckling shape with =, = 0,a!* = 0.03, 6" = —1,4" = 1000,d =
0.001Z,, =0
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Line Graph: w+Z (m) Line Graph: w+Z (m)
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Fig. 424 Deflection shape w + Z in Fig.(4.23) for \*! = 0,0.2,0.4,0.6,0.8, 1.0 with
given parameters: (a) along path AOA’; (b) along path BOB’

Then we set 3" = 1 leading to another buckling deformation near the middle part demon-
strated in Fig.(4.23,4.24).

We consider the effect of active bending by networks with Eq.(4.39). For example we take
w® = §4(x + 0.5)%(z — 0.5)% which will give rise to a uniform deflection force of 246 - D (see
Fig.(4.10)). This effect can be absorbed by bending due to growth. So we do not provide more
simulations here.

In this section, we have considered the bending contribution from bilayer differential growth.
Next we try to take an ECM defect into account.

4.2.4 ECM stiffness contribution

In reality, biologists can remove the extracellular matrix (ECM) in order to modify the mate-
rial and the geometry. For stiffness contribution, this can be described easily with the help of a
distribution function of thickness d(x) as

d(z) =d(1 — g xdq(x, x4, wq)) — Ry <x < Ry
(4.43)
0a(z, x4, wa) :H(Sﬂ—xdﬂL%) — H(x —xq— %)

where (5, reflects the bending stiffness by the ECM, d,4 is a square wave distribution defined by
the Heaviside function H(x), 24 is the location of the defect and wy is the band of the removed
area.
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Surface: Displacement field, Z component Mesh
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Fig. 425 Buckling shape with x,, = 0,a!" = 0.03,5" = 1,4 = 1000,d =
0.001, Z, = 0, By = 0.1, 24 = 0, wy = 0.1
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Fig. 4.26 Deflection shape w + Z in Fig.(4.25) for AP =0,0.2,0.4,0.6,0.8,1.0 with
given parameters: (a) along path AO A’; (b) along path BOB’

We first take 55 = 0.1, 24 = 0, wy = 0.1 for the original case in Fig.(4.21). There is almost
no change of the buckling shape according to the results in Fig.(4.25,4.26).
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Surface: Displacement field, Z component Mesh
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Fig. 427 Buckling shape with x,, = 0,a!" = 0.03,6" = 1,4 = 1000,d =
0.001,Z7,=0,64=0.5,z4 = 0,wg = 0.1
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Fig. 4.28 Deflection shape w + Z in Fig.(4.27) for AP =0,0.2,0.4,0.6,0.8,1.0 with
given parameters: (a) along path AOA’; (b) along path BOB’

We then lower the bending stiffness D with 34 = 0.5. The buckling near the center point
increases as shown in Fig.(4.28) compared to the solution in Fig.(4.26). In this context we should
bear in mind that 5; depends on the material properties and thickness of the ECM and the soft
substrate. In addition, destroying the ECM might affect the active momentum by networks in
the previous discussion. In this section, We focus on the stiffness contribution by the ECM with
Eq.(4.43). Finally we will study the nonlinear effect in the following part.
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4.2.5 Nonlinear effects

We take the weak form in COMSOL as

0EN = —&) / Za0b50¢5dV * X 2 ]! / ZNGo0b 50 A05dV AP
(4.44)

L, vy h
~ Al / Abo(f b+ T 005)0A05dS 5

where the nonlinear term takes into account the coupling of angle change and curvatures in
Eq.(4.30) as —( 4 #20C . It stems from the higher order effect of neutral surface change. \;
is assumed of the same order as Ej,d?, ag 5 are out-of-plane bending components, A is corre-
lated to the angle change of the shell normal vector.

Surface: Displacement field, Z component Mesh

Fig. 429 Buckling shape with x,, = 0,a!* = 0.03,8" = 1,4 = 1000,d =
0.001, Z,, = 0, A = 0.001
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Line Graph: w+Z (m) Line Graph: w+Z (m)
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Fig. 430 Deflection shape w + Z in Fig.(4.29) for \*! = 0,0.2,0.4,0.6,0.8, 1.0 with
given parameters: (a) along path AOA’; (b) along path BOB’

We take /\})I = 0.001 with the same sign of ¢ and we find it behaves like a global negative
deflection force when ( is not too large. Buckling shape terns to be steady with the nonlinear
effect.

Surface: Displacement field, Z component Mesh
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Fig. 431 Buckling shape with z,, = 0,a!* = 0.03,3" = 1,4 = 1000,d =
0.001, Z,, = 0, Ml = —0.001
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Line Graph: w+Z (m)
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Fig. 432 Deflection shape w + Z in Fig.(4.31) for \*
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given parameters: (a) along path AO A’; (b) along path BOB’

The simulation with negative )\E shows that the quadratic term makes the buckling shape

steeper (see Fig.(4.31,4.32)).

4.2.6 Conclusion

Results Description
| . . _ th _ th _ th _ _
~2 Buckling shape with ©,, = 0, "™ = 0.03, 8 1,~"" =1000,d = 0.001
|
1
- ’ Buckling shape with ,,, = 0, ath = 0.03, ﬁth =1, 'yth = 10,d = 0.001
I
[
:9‘, Buckling shape with z,,, = 0, a’ = 0.03, gt = —1,+*" = 10,d = 0.001
I
[
%D Buckling shape with z,,, = 0, o = 0.03, 8" = —1,~" = 1000, d = 0.001
I
|
- Buckling shape with z,,, = 0, o = 0.03, " = 1, 4*" = 1000, d = 0.001, Z,, = 0
I
|
) Buckling shape with z,, = 0, o' = 0.03, gt = —1,+*" = 1000, d = 0.001Z,, =0
|
i Buckling shape with z,, = 0, a*" = 0.03,8'" = 1,+4*" = 1000,d = 0.001,Z,, = 0,84 =
') 0.1, z4 = 0,wg = 0.1
|
o Buckling shape with z,, = 0, o = 0.03, 8" = 1,4*" = 1000,d = 0.001,Z, = 0,84 =
y 0.5,z4 =0, wg = 0.1
I
|
- Buckling shape with z,, = 0, ot = 0.03, 8" = 1,4 = 1000, d = 0.001, Z,, = 0, A}l = 0.001
I
P Buckling shape with zp, = 0, " = 0.03, 8" = 1,4* = 1000,d = 0.001, Z,, = 0,A} =
g
w —0.001
I

Table 4.1: Summary of computational results with COMSOL shell
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With linear decomposition, 3D shell buckling is calculated in COMSOL. An equivalent mono-
layer method is taken for the modeling. Special concern is paid on the local growing process for
genetic control in the experiment. Active bending by growth and networks is covered in the
numerical implementation. ECM defect is introduced in the bending contribution. Finally, the
nonlinear effect is considered with the weak form toolbox of COMSOL.

4.3 Conclusion

A bilayer FvK model with growth is derived using a variational method. Neutral surface and
equivalent bending stiffness are acquired by the minimization of the elastic energy. In a second
step, general FEM simulations with the additional bending and nonlinear effect are implemented
in the software COMSOL. In this chapter we utilize the theory of plates and shells to explain
the buckling of the bilayer membrane in biological systems such as the Drosophila wing disc.
We attempt to set up a general model to explain the experimental phenomena. Local exponential
growth with an ECM defect is discussed as well. Different buckling shapes at the tissue scale can
be controlled with appropriate parameters of the system.



Chapter 5

Finite element simulations with beams
and solids

In this chapter, we want to use the traditional finite element method (FEM) for the bilayer
structure simulation. For research purpose, we employ a numerical platform in MATLAB equipped
with nonlinear Euler beam elements and isoparametric solid elements. The Riks method is taken
for the solver of the buckling analysis. During the simulation, we first suggest our system as a
solid stripe coupled with bending beams. Growth in different parts is implemented as the inner
stress with an updated algorithm. The ECM defect and the initial curvature are considered during
the study. The toolbox is written in a general form with an interface of input files, which could
be applied to other problems. Finally, we consider the 2D wrinkling and folding simulations with
viscoelasticity.

5.1 Algorithm of geometrical nonlinearity

We employ beam and solid elements for the geometrically nonlinear problem [30, 31, 38].
We start with the decomposition of the Green-Lagrange strain measurement

Erj=1(FxrFxs—615) = ers +n1g
1( our n 8UJ) 1 0ug Oug (5.1
e = —| — —_— = —-———
=9%x, Tax,) M T 98X, 0X,

as well as the variation of the elastic energy in Chapter 1

— . gt _ 1 . 0 _ 11 0
56 = ﬁv 0i6ei;d 'V = /Ov S16F,5d OV = /Ov S 6By ,d Oy (5.2)

In FEM, matrices are preferred due to the numerical implementation. We thus need to intro-
duce a vector form of the strain ~ and the stress T as

€11 1 T11

€22 122 722

_ ) es3 733 ) T3
y=etn= 2e12 * 2ni2 [ 7 T e 5-3)

2e23 2123 T23

2e31 2m31 T31

93
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For geometrical nonlinearity, we do the variation in a Lagrangian formulation
Sy THHAL gy — / su fo dS + / suTbdv (5.4)
ﬂ)v 0 v

where 7 is an unknown stress vector, fi. is a boundary force and b is a body force. In order to
obtain the incremental procedure with the field variables, two decompositions should be employed
as

THA — 7t L AT =7t 4D AT

A~y = Ae+ An

(5.5)

where
Ae = 3(F'- (Au)Vx + Vx(Au) - F)

. (5.6)
An = ivx(Au) - (Au)Vx

Under the assumption of small strains, we can take the tangent stiffness D’ as a constant
matrix D and 7! ~ D - 4%. After linearisation with v = JA~, Eq.(5.4) becomes

ﬁ) 5Ae™DAedV + /O SARTT AV = [) su” f dS + /0 suTbdy — [) SAe T AV
|4 V S V \%
(5.7
In a discrete form, Eq.(5.7) reduces to

SAaT(Kp + Knp)Aa = AaT (FLEAY — £ ) (5.8)

ext

The full derivation is as follows.

First, the displacement field is given by uw = Ha where a is the total discrete nodal vector of
degrees n and H is the interpolation matrix for all degrees of freedom. For a three-dimensional
configuration H has the size of 3 x 3n as

hy 0 0 hp O O - h, 0 O
H=|0 h»h 0 O A O -~ 0 hy, O (5.9)
0 0 ht O O hy --- 0 0 Ay

Then comes to the relation between the linear strain increment and the nodal displacement
increment

Ae =LAu (5.10)
where in 3D
- ) ) ) -
Fugs Fo 5% Fs155%;
) ) )

Fuss Fargss Fys%

Fi35%- Fo3 5%~ Fy35%
L— 0X3 0X3 0X3 (511)

d d d 9 o 9
Fugsy +Fegxy Fagy, t gy gy, 2

P P P P P P
Foge T Fsax; Ieax; tIsgx, g + 3%

_Flsfa}a(l + F1173§)<3 FQST?Q + F2173)8(3 F33r§9(1 +F31r}9(3_
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So we have Ae = LHAa = By, Aa and

fov dAe"DAedV = 6Aa"K6Aa

(5.12)
K, = /0 BIDB dV
\%4
as well as
fov SANTTtdV = Aa"Ky1.0Aa
T (5.13)
KNL:[) By TBnp dV
\%4
where
[ Oh Oh 7
8—)(11 0 0 8—)(21 0 0
oh Oh
TXlz 0 0 87)(22 0 0
oh Oh
5 Xg 0 0 5 Xz 0 0
Oh Oh
0 8X11 0 0 8X21 0
oh oh
By = 0 8—)(12 0 0 8—)(22 0 (5.14)
oh Oh
0 8X; 0 0 8X23 0
oh oh
0 0 3 Xll 0 0 6—)(21
oh oh
0 0 8—)(12 0 0 TXQQ
Oh oh
I 0 0 5 X13 0 0 3 X23 |
and
[ Tex Twy Tz O 0 0 0 0 0 1
Tey Tyy Tyz 0O 0 0 0 0 0
Tez Tyz Tzz 0 0 0 0 0 0
0 0 0 Tox Ty Tzz O 0 0
T = 0 0 0 7oy Tyy Ty O 0 0 (5.15)
0 0 0 7p Tyr T O 0 0
0 0 0 0 0 0 T Tay Ta:
0 0 0 0 0 0 Ty Tyy Ty
| 0 0 0 0 0 0 Tuz Tyz Taz |
Finally we have f5~tand f? . for Eq.(5.8) as
A
FLrat — ﬁs HT f,.dS + /)V H'bdV
(5.16)

int —

! ﬂjv Blr dV

We can now apply the algorithm in MATLAB.
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5.2 Finite element simulations in MATLAB

A simple toolbox is established for the numerical simulation. It contains a general framework
of FEM and it is ready for secondary development. We could use this toolbox for an arbitrary
geometry once the mesh information is provided with boundary conditions and loading history.
There are many advantages of the self-written environment. We could easily change the element
data and get the information of the global stiffness matrix in comparison with the commercial
FEM software.

Parametric modeling is founded in the platform and we could add new element types if nec-
essary. As shown in Fig.(5.1), the Riks method [31] is used for the numerical solver.

Geometry doc

| Riks solver I

|

! : [

! Input file ; I |

|

I3 —~ hypersphere I

| I_E AZ / _-':E:: |

Initializati L = cnilbriamiterdi |
nitidhzation 1 £ // equilibrium iterations

1 X ;

w |

A 4 | I

Riks solver I I

: Displacement |

|

5
A 4 Yes No v :
/ Save & plot ; / Save & error ; I > Geometry
I Material properties
I
|
I

> -
Ll Bl

! Output ;

Fig. 5.1 Flow chart of calculation

Boundary conditions
Loading

>
> Element types
>
>

A bi-material biological system is always of great interest. We will employ FEM in 1D, 2D
and 3D to study buckling phenomena with growth. In the following, we will first come back to
the original problem discussed in chapter 4. We use beam elements to describe the thinner and
stiffer ECM and employ a 3D solid for the soft tissue layer. According to our knowledge, the
beam elements includes the contribution of bending stiffness. Active stress is achieved by setting
growth along the beam axis. Then in 2D, we use viscoelasticity to explain different buckling
shapes in the same morphogenesis process.
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5.2.1 Nonlinear Euler-Bernouli beam

Before coupling of different elements, we first introduce the buckling of the beam. In our tool-
box, first-order nonlinear Euler-Bernouli elements (called B31 after) [0 1, , ] are employed
for 3D simulations. Shear is neglected and the elastic axial strain induced by growth reads

g = —Ag % AT (5.17)

where ), is the loading variable and AT is a known non-dimensional parameter.

We firstly consider a straight cylindrical beam oriented along the x-axis as a patch test with
length a, section area A, moment along the y-axis /,;, moment along the z-axis I, torsion moment
along the x-axis J;, Young’s modulus E and Poisson coefficient v. The left end is fixed and the
right end is under compression parallel to the x-axis with prescribed displacement u = — Ay * ug.

(b)
Fig. 5.2 Deflection shapes for A, = 0.002,0.04,0.15,0.5 with AT =1, uy = 0.5

Fig.(5.2) demonstrates the final deflection curve induced by axial compression ug and inner
growth AT. There are literatures for the more sophisticated situations [138, ]. Next we
suppose a honeycomb structure with the same geometry and material properties for each element.
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Fig. 5.3 Buckling shape of the structure

We observe in Fig.(5.3) a buckling mode due to the external loading. We apply a defect such
as a small force to achieve a out-of-plane deflection. Hereafter, we focus on the simulation of a
3D stripe case.

5.2.2 3D Solids with beams

In this section, 3D isoparametric solid elements (called S38 after) are used for a monolayer
epithelium with nonlinear beam elements B31 for extra bending stiffness. We try to explain our
problem as simple as possible. The geometry is sketched in Fig.(5.4)
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. a4 5/ |1,

‘:'j______ A A———
0Q,

Q, Q, Q, 7
LX

Fig. 5.4 Geometry of 3D stripe

where the size of the Volume 2 = Q1 U Qs UQ31is Lx X Ly x Lyz. There is a section of
the beam A B which could be initially curved. In this case, the left and the right side of the stripe
noted as 0€);, and OS2, are fixed by the boundary condition. Local growth happens in domain 2
and initial shape A B might determine the final resolution. Mesh information is labeled as follows

Fig. 5.5 Mesh diagram of the system: The region in green is the normal part without
growth and the piece in red has isotropic growth with a loading parameter )\,;. Blue
circles represent stiffer beam elements which have additional bending energy
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We use the notation A\, for a loading parameter of Eq.(5.17) and N, for the calculation
step. We try to use the initial curvature AB to control the final buckling shape. We suggest
growth only in the red domain of Fig.(5.5) for simplification. We set different Young’s moduli
in different areas. The SI unit system is applied and the color bar represents the value of the
displacement. We obtain the following results

0.035
0.03
0.025
0.02
8 B§ 0.015
N .
838

0.01

0.005

58in(27TX),E1 = E3 = 103Pa,E2 = 0.5 x 103Pa, Ebeam = 50 x El,Vl = V2 =
v3 = 0.3, AT =1, Nystep = 5, Ay = 0.2

Fig. 56 Ly = 1,Ly = 02,Ly; = 005 Qs : 05 < X < 0.7, AB ~
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Fig. 57 Ly = 1,Ly = 02,Ly = 0.05 Qs : 05 < X < 0.7, AB

5sin(27rX),E1 = E3 = 105Pa,E2 = 0.5 x 105Pa,Ebeam = 50 % El,l/l = U9
V3 = 03, AT == ]-;Nstep == 8,)\9 =05
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Fig. 58 Ly = 1,Ly = 02,Ly = 005, Qs : 05 < X < 0.7, AB
58in(27TX),E1 = E3 = 105Pa,E2 = 0.5 x 105Pa,Ebeam = 50 x El,Vl = 2
v3 =0.3,AT =1, Ngep = 10, ), = 0.8
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Fig.(5.6) to Fig.(5.8) is a group of results with AB in Fig.(5.4) initially curved as dsin(27.X).
Loading parameter )\, varies from 0.1 to 1.3 with an adaptive step size. We find that the domain
of growth expands isotropically in 3D leading to the global buckling of the total length.

8 0.02

0.015

0.01

0.005

Fig. 59 Lx = 1,Ly = 02,Ly; = 005, Qs : 05 < X < 0.7, AB ~
58in(37TX),E1 = E3 = 103Pa,E2 = 0.5 x 103Pa, Ebeam = 50 x El,Vl = V2 =
v3 = 0.3, AT =1, Ngep = 3, Ay = 0.02
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Fig. 510 Ly = 1,Ly = 02,L; = 0.05 Qs : 05 < X < 0.7, AB ~
63in(37rX),E1 = E3 = 103Pa,E2 = 0.5 x 103Pa,Ebeam = 50 % El,l/l = Uy =
vy = 0.3, AT = 1, Nyt = 5, Ay = 0.1
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Fig. 511 Lx = 1,Ly = 02,Lz; = 0.05, Q : 0.5
§sin(3nX),E1 = E3 = 103Pa, By = 0.5 x 10%Pa, Epeam
vy = 03, AT = I;Nstep = 7, >\g =0.3

X < 07, AB =
50*E1,l/1 = V9 =

[ IA



104 Chapter 5. Finite element simulations with beams and solids

Fig.(5.9) to Fig.(5.11) show a similar phenomenon as expected with the given parameters.
After we change the geometry by increasing the total length. We also move the growing area
from the right to the middle part.
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0.015
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Fig. 5.12 Lx = 2,Ly = 02,Ly = 0.05, Q5 : 05 < X < 15, AB =~
58in(67TX),E1 = E3 = 103Pa,E2 = 0.5 x 103Pa, Ebeam = 50 x El,Vl = V2 =
vz =0.3,AT =1, Ngep = 5, Ay = 0.01
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Fig. 513 Lx = 2,Ly = 02,Ly; = 0.05 Qs : 05 < X < 15, AB
5sin(67rX),E1 = E3 = 103Pa,E2 = 0.5 x 103Pa,Ebeam = 50 % El,l/l = U9
v3 = 0.3, AT =1, Nyep, = 10, A\, = 0.06
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Fig. 514 Lx = 2,Ly = 02,Lz; = 0.05, Q : 0.5
§sin(6nX),E; = E3 = 103Pa, By = 0.5 x 10%Pa, Epeam
v3 = 0.3, AT =1, Nytep = 15, ), = 0.16

X < 1.5, AB
50 x Fy,v1 = 1
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We find that the final buckling shape follows the same rule as discussed before. The system
prefers to bend instead of expanding laterally.

Results Description
Lx = 1,Ly = 0.2,Ly = 0.05, Q2 : 0.5 < X < 0.7, AB = ésin(2rX), By = E3 =
/ 103Pa, E; = 0.5 x 103Pa, Eyoqm = 50 % E1,v1 = va = vz = 0.3, AT = 1, Ngtep =
I 5, g = 0.2

Lx =1,Ly = 0.2,Lz = 0.05, Q3 : 0.5 < X < 0.7, AB ~ dsin(2nX), E; = Es

/l 105Pa, B3 = 0.5 x 10°Pa, Eyeqm = 50 * BE1,v1 = va = vz = 0.3, AT = 1, Ngtep
8,1y = 0.5

Lx =1,Ly = 0.2,Lz = 0.05, Q3 : 0.5 < X < 0.7, AB = $sin(27X),E; = E3
/I 105Pa, B2 = 0.5 x 10°Pa, Eyoqm = 50 * BE1,v1 = va = v3 = 0.3, AT = 1, Ngtep

10,2y = 0.8

Lx =1,Ly = 0.2,Ly = 0.05, Q2 : 0.5 < X < 0.7, AB ~ dsin(37X),E; = Es

‘0‘ 10%Pa, Ex = 0.5 X 10%Pa, Byeqm = 50 * E1,v1 = vo = vz = 0.3, AT = 1, Notep =
< I 3,Ag = 0.02
Lx =1,Ly = 0.2,Ly = 0.05, Q3 : 0.5 < X < 0.7, AB = §sin(37X), By = B3 =
& 10%Pa, Ex = 0.5 X 10%Pa, Eyoqm = 50 * E1,v1 = v = vz = 0.3, AT = 1, Notep =
é | 5,\g = 0.1
; Lx =1,Ly = 0.2,Ly = 0.05, Q3 : 0.5 < X < 0.7, AB = §sin(37X), B, = B3 =
4 10%Pa, Ex = 0.5 X 10%Pa, Eyoqm = 50 % E1,v1 = v = vz = 0.3, AT = 1, Ngtep =
| 7,Ag = 0.3

Lx =2,Ly = 0.2,Ly = 005, Q : 0.5 < X < 1.5, AB ~ §sin(6nX), E; = Es
‘y"l 10%Pa, Ex = 0.5 X 10%Pa, Eyoqm = 50 * E1,v1 = va = vz = 0.3, AT = 1, Nstep
5, g = 0.01

Lx =2,Ly =02,Lz = 0.05, Q : 05 < X < 1.5, AB ~ 6sin(67X), E; = Es
a"l 103Pa, B2 = 0.5 X 10%Pa, Eyeqm = 50 * E1,v1 = va = v3 = 0.3, AT = 1, Notep

10, Ay = 0.06

Lx =2, Ly = 0.2,Ly = 0.05, Q3 : 0.5 < X < 1.5, AB ~ ésin(6wX), B, = Es
,’"‘I 103Pa, B2 = 0.5 x 10°Pa, Epeqm = 50 * E1,v1 = v = v3 = 0.3, AT = 1, Notep
- 15, Ay = 0.16

Table 5.1: Summary of computational results with beams and solids

In this section, we have studied the buckling of a bilayer stripe with coupling beam and solid
elements. We use the initial curvature to control the final buckling shape with given parameters.
When the ECM is much thinner than the soft substrate, this method can help to save computational
resources. In the final section we perform 2D simulations with viscoelasticity for local pattern
formation.

5.2.3 2D wrinkling and folding simulations

Two cell population with different growth rates could create in-plane compression leading to
out-of-plane buckling during the morphological process. In this section, we transfer the growth
competition as boundary compression. There are references for elastic problems of bilayer sys-
tems [ 140, , ]. Nevertheless, we try to consider viscosity in this part.
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We study a bilayer of the viscoelastic material [143] with different Young’s moduli E,, Pois-
son coefficients v, shear viscosity 7, and thickness h,. We assume that the deviatoric part of
the strain is governed by the Maxwell model with E'i 3= ﬁdg s+ %O’i 5 Where /1 is the shear
modulus and 7 is the shear viscosity. The length and the width of the system are Lx and Ly re-
spectively. In practice, we assume an initial boundary velocity vx to shorten the soft material and
wait long enough until the boundary side approaches the value we want. A defect point is preset in
the initial configuration and the mesh is perturbed for non-trivial solutions. Different case studies
are shown below. We assume the length scale is Lx = 100um, Ly = 10um and vx ~ lpym/s

in Fig.(5.15). We employ a simple explicit method for the time step with At = 0.01s.

El Ul T?I hj

— |
E,v,n,h=L,—h O defect Vx

A N N N N N

Fig.5.15 Mechanical sketch of the simulation with boundary conditions: X = 0,v; =
0; X =Lx,v1 =—vx; Y =0,u2=0

\ARVARYA

Fig.(5.15) shows the bilayer system with a roller constraint on the left and a constant com-
pression rate on the right. The Maxwell model can result in different buckling shapes in plane
strain with low stress.
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Fig. 5.16 Wrinkling deformation with £ = 50KPa, Fy; = 1KPa,v; = 0.3,15 =
0.49,7m; = 10°Pa - 5,19 = 10%Pa - s, Lx = 100um, Ly = 10um, hy /Ly = 0.25
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Fig. 5.17 Folding deformation with Fy, = 1KPa, F; = 50KPa,v; = 0.3, =
0.3,m71 = 103Pa - 5,2 = 10Pa - s, Lx = 100um, Ly = 10um, hy /Ly = 0.15

Fig.(5.16) represents a wrinkle-like buckling with given parameters. Fig.(5.17) exhibits fold-
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ing. We use the explicit time algorithm for the buckling mode but we do not consider some effects
like contact mechanics. In this section, we try to solve the solution with different geometry and
material properties which might be controlled in morphology.

a) Geometry effects

We could tune the length L x and the thickness h; to achieve the corresponding shape change.
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Fig. 5.18 Deformation with E; = 50KPa, Fs = 1KPa,v; = 0.3, = 0.49,1; =
10°Pa - s, = 103Pa - s, Lx = 100um, Ly = 10pm, hy /Ly = 0.15
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Fig. 5.19 Deformation with E;
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50KPa, Fs = 1KPa,v; = 0.3,v0 = 0.49,1; =

10°Pa - s, = 10°Pa - s, Lx = 20um, Ly = 10pum, h1/Ly = 0.15

Fig. 5.20 Deformation with E;

From Fig.(5.18) to Fig.(5.20), we change the length Lx from 100 to 20. We find that the
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wave number of the wrinkle-like solution decreases when the ratio Lx /Ly drops as predicted in
elasticity. However, there is a decay of the peak amplitude from right to left in Fig.(5.18) due to
viscosity. In addition, in Fig.(5.20), material accumulates at the left side. It can be explained by
the dynamic loading together with the chosen boundary conditions.

- «1075 IIDeformaltion wheln &LYJLT{ =-30‘3'?I>
2 72N |
/ A\

/i /i N\
7SN\ \SED 7 ER N~ —=====
N N
NN\ BN

= N =

S R mssS—————=c=cc=ss=ssiSS

0 1 2 3 4 5 53 7 8
=x107°

Fig. 5.21 Deformation with E; = 50KPa, Fs = 1KPa,v; = 0.3, = 0.49,9; =
10°Pa - s, = 103Pa - s, Lx = 100um, Ly = 10pm, hy /Ly = 0.35
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Fig. 5.23 Deformation with E;
Then we increase the ratio k1 /Ly which corresponds to an increase of the thickness of the
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upper layer. Two unusual buckling shapes appear in Fig.(5.21) and Fig.(5.22) due to the time
effect. In this section, we find that the geometry as well as the dynamics can generate different
buckling shapes. Next we will discuss the role of material parameters.

b) Material properties

Material properties like Young’s modulus and viscosity can also determine the final buckling
shape as follows

oy ¥ W
AN NN NN

F

= == A\~ BEN\\N\\S %

Fig. 5.24 Deformation with E; = 50KPa, Fs = 1KPa,v; = 0.3,y = 0.49,9; =
10°Pa - s, = 103Pa - s, Lx = 100um, Ly = 10pm, hy /Ly = 0.15
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Fig. 5.25 Deformation with £; = 50KPa, Fs = 1KPa,v; = 0.3, = 0.49,1; =
10%Pa - s,m2 = 10Pa - s, Lx = 100um, Ly = 10um, hy/Ly = 0.15

<107 Deformation when ALYJLY =-32%
2 T T
—~
1.8 :.“‘\\\
-~
I‘E%\ o~
SO ZESSN
SN\ AN
14 SN 7 225300\
SEANAN Y /ZZ5SRNNNS
1.2 \s\%\\\\\\\\ /ﬁ%ﬁ%&a %§§§§5~1
AN NN
« SONNSE Y NN
sk NS NN
= o % Efé/ Y7 7asmaSSSNNNSS==
0.6 £ Z o My N ng S g o %ﬁﬂ‘. =
B2 ZoiiEnietii N~ ceEsnatesase—=—
%ggggw*ggg% =
0 %EEZ:F _:EE E —;:_E:_Fl_ I —-—:—-:_._‘:‘_J:
0 1 2 3 4 5 6 I

%1073

Fig. 5.26 Deformation with E; = 50KPa, Fs = 1KPa,v; = 0.3, = 0.49,9; =
10Pa - s, = 107'Pa - s, Ly = 100um, Ly = 10um, hy/Ly = 0.15

Comparing Fig.(5.24,5.25,5.26), we observe that the wave number decreases as the shear
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viscosity n declines.
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We now adjust the stiffness. There is a ridge in Fig.(5.27) with £y = E5. With a drop of
viscosity in Fig.(5.28), the deformation tends to be flat.

¢) Clamped boundary

We then squeeze the bilayer system assuming the left and the right side are clamped as follows

v
E v moh

<—LY

E vo,nh=L—h Odefect ¥

LX
N N Y N N N A

Fig. 529 Mechanical sketch of the simulation with fixed boundary conditions: X =
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Fig. 5.30 Deformation with E; = 50KPa, Fs = 1KPa,v; = 0.3, = 0.49,9; =
10°Pa - s, = 10Pa - s, Lx = 50um, Ly = 10um, h1/Ly = 0.15
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We find two symmetric wrinkle solutions with different viscosity in Fig.(5.30) and Fig.(5.31).
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Fig. 5.32 Deformation with £y = 50KPa, E5
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Fig. 5.33 Deformation with £; = 50KPa, Fs = 1KPa,v; = 0.3, = 0.49,17; =
10°Pa - s, = 10Pa - s, Lx = 20um, Ly = 10um, h1/Ly = 0.15

Finally we reduce the length and the wave number decreases.

In this part, we have considered a bilayer system with different stiffnesses and viscosity.
Geometry, material properties and boundary effects are discussed. Different buckling shapes are
acquired with given parameters. In biology, growth with boundary constraints might generate
amazing buckling deformation.
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Results Description
Deformation with E1 = 50KPa, Es = 1KPa,v1 = 0.3,vs = 0.49,71 = 10°Pa - s,70 =
1 10%Pa - s, Lx = 100pum, Ly = 10um, hy/Ly = 0.15
Deformation with E7 = 50KPa, Eo = 1KPa,v; = 0.3,v2 = 0.49,m1 10°Pa - s,M2 =
103Pa - s, Lx = 30um, Ly = 10um, h1/Ly = 0.15
Deformation with E1 = 50KPa, Eo = 1KPa,v; = 0.3,v2 = 0.49,m 10°Pa - 5,12 =
103Pa - s, Lx = 20pum, Ly = 10um, h1/Ly = 0.15
Deformation with £ = 50KPa, E2 = 1KPa,v; = 0.3,v2 = 0.49,m1 10°Pa - s,m2 =
8 103Pa - s,Lx = 100pm, Ly = 10pum, h1 /Ly = 0.35
Deformation with E1 = 50KPa, Eo = 1KPa,v; = 0.3,va = 0.49,71 10°Pa - s, M2 =
10%Pa - s,Lx = 50pum, Ly = 10pum, hy /Ly = 0.35
Deformation with £ = 50KPa, Eo = 1KPa,v; = 0.3,v2 = 0.49,m1 10°Pa - s, M2 =
10%Pa - s, Lx = 30pum, Ly = 10um, h1/Ly = 0.35
i

Deformation with E7 = 50KPa, Eo = 1KPa,v; = 0.3,v2 = 0.49,n1
10%Pa - s, Lx = 100pum, Ly = 10um, hy/Ly = 0.15

10°Pa - s, M2 =

Deformation with E7 = 50KPa, Eo = 1KPa,v; = 0.3,vy = 0.49,71
10Pa-s, Lx = 100pum, Ly = 10um, hy /Ly = 0.15

103Pa - s, M2 =

Deformation with 1 = 50KPa, Ey = 1KPa, vy = 0.3, v5 = 0.49, 7 = 10Pa-

s, Lx = 100pm, Ly = 10pum, hy1 /Ly = 0.15

s, My = 10~ 'Pa-

S

Deformation with E1 = 1KPa, Eo = 1KPa,v; = 0.3,v2 = 0.3,n71 = 10°Pa -

s,Lx = 100pm, Ly = 10pm, h; /Ly = 0.15

s, M2 = 103Pa -

Deformation with £ = 1KPa, EFo = 1KPa,v; = 0.3,v2 =0.3,n1 = 10~ 2Pa-

s,Lx = 100pm, Ly = 10pm, h; /Ly = 0.15

s,m2 = 10~ *Pa-

Deformation with £ = 50KPa, Eo = 1KPa,v; = 0.3,v2 = 0.49,m1
10%Pa - s, Lx = 50pum, Ly = 10um, h1 /Ly = 0.15, clamped

10°Pa - s, M2 =

Deformation with £1 = 50KPa, E3 = 1KPa,v; = 0.3,va = 0.49,n;
10Pa - s, Lx = 50um, Ly = 10um, hy /Ly = 0.15, clamped

10%Pa - s, M2 =

Deformation with £y = 50KPa, Eo = 1KPa,v; = 0.3,v2 = 0.49,m
10%Pa - s,Lx = 30pum, Ly = 10pum, hy /Ly = 0.15, clamped

10°Pa - s, M2 =

Deformation with B1 = 50KPa, Bo = 1KPa,v; = 0.3,vp = 0.49,m;
103Pa - s, Lx = 20pm, Ly = 10um, h1/Ly = 0.15, clamped

10°Pa - s,m2 =

5.3 Conclusion

Table 5.2: Summary of computational results with 2D solids
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In this chapter, we have built a FEM platform for geometrically nonlinear problems. The
toolbox is set up in MATLAB. 3D solid elements are built in for the modeling of the growing
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epithelium [7, 25]. Via structural coupling, the additional bending contribution of the ECM is
achieved by appending beam elements. Growth and inner stress by beams and solids can also be
considered with an updated algorithm. We employ it to the 3D strip buckling in our case. This
tool box could be used as a supplementary solver for COMSOL since COMSOL lacks the Riks
method for post-buckling analysis.

Then a 2D bilayer has been studied with viscosity. Different geometric and material parame-
ters are treated with two distinct boundary conditions. In contrast to the purely elastic hypothesis,
viscosity can generate more complicated buckling solutions due to growth and boundary con-
straints.



Chapter 6

Conclusion

The main purpose of this thesis is to study the epithelium with growth from the view point
of macroscopic continuum mechanics. Two biological systems with the epithelium and ECM are
concerned: C. elegans and Drosophila wing disc. We make an attempt to use classical elasticity
theory as well as numerical simulations to explain the experiments. We propose a modified crack
opening formula for a stress assessment on the epithelium of C. elegans. On the other hand, we
try to use structural mechanics to mimic the Drosophila wing disc buckling by a homogenization
method. In addition, we start to set up a FEM platform for the geometrically nonlinear problems
in COMSOL and MATLAB.

6.1 Crack opening on epithelium of C.elegans

Finite strain theory is favored in our case of C. elegans elongation up to 70%. Pre-stretch
with an initial opening angle of about 30° is also considered in the analysis. After simplification
of the complex geometry, we succeed to provide the theoretical prediction of stress and strain.
The anisotropic actin-myosin network with active stress is taken into account. In order to apply
the experimental data by laser cut ablation, we amend the crack opening formula F = 20°°/F
into Eq.(3.31) as F, = 20,/ E, where o, is the total stress including the active part and E,, is
an equivalent Young’s modulus. Specially, this formula is a good estimate when the laser cut is
parallel or perpendicular to the eigenvector of the stress tensor. For real size evaluation, we apply
the extended finite element method (XFEM) as a numerical tool. Tilting angle and biaxial loading
can be easily set during the simulation. It shows that, within the limit /3 < 10% and &y < 1,
our theoretical prediction works with an error < 10%. The stress intensity factor (SIF) is also
obtained. According to the theoretical analysis, active stress is of the same order as the passive
one during C. elegans elongation. It explains the crack opening in both orthogonal directions even
when the epithelium is under contractile deformation. Laser cut ablation technique is proved to be
a practical auxiliary method for the stress distribution assessment for biological systems in vivo.
But our method is not quite appropriate for large tilting angle J5 in the case of anisotropy. In
addition, we do not consider the complex geometry in the simulations. If possible, it is necessary
to take more mechanical experiments to simulate the crack opening with polymer networks.
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6.2 Buckling of Drosophila wing disc

The Foppl-Von Karmén (FvK) model with growth is extended to a bilayer specimen including
the monolayer epithelium and stiffer ECM. If the structure is relatively thin compared with other
length scales, we can use the homogenization method by taking the integral over the thickness.
We assume different material properties in each layer. Varying growth will lead to an inner mo-
mentum M J 3 Eq.(4.7), once the neutral surface Zyp, is determined. Z,, is given by minimizing the
elastic energy Eq.(4.20). Hereafter we obtain the equivalent bending stiffness D in Eq.(4.7) and
make the governing equations Eq.(4.6) closed with well-defined boundary conditions. Since the
in-plane membrane force might affect the position of the neutral surface, we then perturbate Z,
leading to Eq.(4.30). An analytical solution is found in 1D with unsymmetrical branches shown
in Fig.(4.1). An ECM defect can change the buckling shape as well as the buckling mode (see
Fig.(4.2)). Then we implement this nonlinear effect as a simple quadratic term in the numerical
toolbox MANLAB.

For FEM implementation, we choose two methods in chapter 4 and 5 respectively. First we
use a shell module in COMSOL with an equivalent monolayer model. Growth is considered as
inelastic strain with linear decomposition. Additional bending by growth and active networks is
covered. We focus on the local exponential case with all kinds of parameters including the ECM
defect and we utilize a self-defined weak form to consider the nonlinear effect. Different buckling
shapes in 3D are obtained by appropriate input. Then we try to use beam and solid elements
to simulate the buckling of bilayer structures. We employ an updated Lagrangian algorithm and
simplify the biological system of the epithelium with stiffer ECM as 3D solid elements coupled
with a nonlinear Euler beam network. In Fig.(5.4), we provide different buckling solutions by
tuning the stiffness of the beam and growth. Furthermore, a FEM platform is under preparation
in MATLAB. Finally 2D wrinkling and folding simulations are studied for a Maxwell viscoelas-
tic bilayer. In contrast to pure elasticity, viscosity and boundary conditions can affect the final
buckling shape which might explain the real situation.

However, we do not take full use of the micro structure of the biological system. We need to
bridge different scales by coupling techniques and a meso-scale theory is important to understand
the biophysics.
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Martine Ben Amar,">" Paul Qiuyang-Qu,l Thanh Thi Kim Vuong—Brender,3 and Michel Labouesse”
'Laboratoire de Physique Statistique, Ecole Normale Supérieure, PSL Research University;
Sorbonne Université, UPMC Univ Paris 06; CNRS; 24 rue Lhomond, 75005 Paris, France
nstitut Universitaire de Cancérologie, Faculté de médecine, Université Pierre et Marie Curie-Paris 0,
91 Bd de I’Hépital, 75013 Paris, France
SMRC Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge Biomedical Campus,
Cambridge CB2 0QH, United Kingdom
*Laboratoire de Biologie du Développement—Institut de Biologie Paris Seine (LBD—IBPS), Sorbonne Université,
UPMC Univ Paris 06, CNRS, Paris, France

® (Received 1 August 2018; revised manuscript received 17 October 2018; published 28 December 2018)

The role of the actomyosin network is investigated in the elongation of C. elegans during embryonic
morphogenesis. We present a model of active elongating matter that combines prestress and passive stress
in nonlinear elasticity. Using this model we revisit recently published data from laser ablation experiments
to account for why cells under contraction can lead to an opening fracture. By taking into account
the specific embryo geometry, we obtain quantitative predictions for the contractile forces exerted by the
molecular motors myosin II for an elongation up to 70% of the initial length. This study demonstrates the
importance of active processes in embryonic morphogenesis and the interplay between geometry and
nonlinear mechanics during morphological events. In particular, it outlines the role of each connected layer
of the epidermis compressed by an apical extracellular matrix that distributes the stresses during elongation.

DOI: 10.1103/PhysRevLett.121.268102

Mechanical stresses play a crucial role in animal embryo
genesis. At the macroscopic level, differential growth
generates compressive stresses creating the circumvolu-
tions of intestine [1-3], brain cortex [4—6], and fingerprints
of skin [7,8]. The folding of tissues is then directly linked to
the coupling between volumetric growth, tissue properties,
and geometry. At the cellular level, the interplay between
mechanics and morphological events such as division,
migration, and tissue organization is much more subtle.
The high deformability of cells is counterbalanced by
the cellular filament networks, especially by the actomyo-
sin cortex. It comprises a network of cross-linked actin
filaments located below the plasma membrane, so that the
local cell contractility results from the myosin molecular
motors which transform the chemical energy of ATP
hydrolysis into contractile stresses. How these microscopic
processes at the cell level cooperate to induce shape
transition at the tissue level is central in “active matter.”
At early stages in small organisms such as Drosophila [9]
or C. elegans [10], the number of cells is relatively small
and the structure is simple enough, giving perhaps a way to
bridge scales between microscopic activity and observable
tissue displacements. Both of these biological species are
considered as model systems where the theoretical frame-
work of active matter [11-15] can be applied and more
importantly quantified by analyzing experimental data.
Here we investigate the early stage of C. elegans elongation
up to 70% when the embryo contains 65 epidermal cells in
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the cortical position in an ovoid shell. Among available
approaches, laser cuts in different locations on live embryos
allow us to evaluate either the tension or the stiffness [16],
quantities necessary to assess the active stresses at the
origin of the elongation [17,18]. Since, in this process, there
is no cytokinesis or apoptosis and no position exchange
between neighboring cells, we select a continuum approach
of active matter to predict the fracture opening. However, as
highlighted in Refs. [19,20], the difficulty in active matter
consists in evaluating the stresses: active or passive for
samples with complex geometry and elastic properties. To
this end, one must comprehend the nonlinearities of shape
transformations in these small organisms with a limited
information on mechanical quantities.

The aim of this Letter is to investigate this problematics
when only some characteristics are known for C. elegans
embryos. Our scope is to estimate the activity of the
molecular motors and to compare it to the elastic resistance.
For that, we establish an analytical model based on non-
linear elasticity for soft tissues and compare our predictions
with measurements by laser ablation [16]. The proposed
treatment can be adapted to other morphogenetic events in
embryogenesis.

Laser ablation.—Fracture opening gives a way to deter-
mine the forces at the cellular level. This technique helps
to experimentally deduce the tensile stress in the
perpendicular direction to the fracture line when the cell
stiffness is known. Conversely, when the stresses are well

© 2018 American Physical Society
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FIG. 1. The ventral enclosure of C. elegans. (a) Schematic
representation before enclosure. (b) Horizontal section at enclo-
sure. Different colors are chosen: yellow for the dorsal (D), blue
for the seam (S), and brown for the ventral (V) cells. (c) Schema
of a planar fracture under tensile stresses. (d) Position of laser
fractures achieved in the embryo [16].

identified, it gives some insights on the fiber network
organization. Indeed, the crack opening in linear elasticity
is an ellipse [21] and the shape factor (opening b; along x;
divided by the crack length [, along x;) is given by
Fi = b;/ly ~20;/E, where o; is the tension and E the
Young modulus, see Fig. I(c). For Fj, other stress
components than o; do not play a role and for an
anisotropic sample, E must be replaced by E; the stiffness
in the x; direction [16].

In a recent work [16], Vuong-Brender et al. apply this
technique in different parts of C. elegans [in Fig. 1(d)] and
demonstrate that the cracks always open both in the dorso-
ventral (DV) and in the anterior-posterior (AP) directions. If
the crack opening is not a surprise in AP, it is more puzzling
in the DV direction for various reasons, Fig. 1(d). First,
cracks cannot open in compression (except in some very
specific conditions [22]). Because of volume conservation,
an extension in AP leads automatically to a contraction in
DV, In addition, myosin II, the actin molecular motors have
been observed [23-26] in the seam (§) domain [blue in
Figs. 1(a),1(b),1(d)], and these motors are contractile. Even
more intriguing, in § cells, the opening is larger in the DV
than in the AP direction [16]. The theoretical interpretation
of these experiments cannot be captured by the linear
elasticity framework. To recover the shape factor F;
requires evaluating first the state of stresses or strains
inside the embryo before elongation and then incorporating
the active stresses due to molecular motors. By coupling
them, the modeling must recover the results of the laser
ablation but also the possibility to elongate the embryo up
to 70%. Nonetheless, in nonlinear elasticity, and to the best
of our knowledge, there is no general formula for crack
opening but only local analysis of the stresses at both ends
[27,28]. A simple analogy between linear and nonlinear

elasticities suggests to replace ¢ by the equivalent Cauchy
stress o; and E by the local stiffness E;. The following
addresses the evaluation of these two quantities in the
nonlinear elasticity framework beginning first by the
geometry analysis.

Geometry and strains.—The morphogenetic events of
the embryo elongation consist of cell intercalation and
ventral enclosure [10]. The displacements of matter are
strongly constrained by the limited space and induce
significant strains [29]. In particular, the ventral enclosure,
schematized by Fig. 1(a), cannot be achieved without local
forces to join the two parts of the epithelial cortex, as
demonstrated by myosin accumulation [23,24]. Hence,
when elongation begins, the tissues have already stored
prestrains and prestresses [20] and the measurements in
Ref. [16] result from those cumulated stresses. Their
evaluation requires a complete knowledge of the history,
which is difficult to assess. A possible simplified scenario
will be the enclosure of a cylindrical partial shell with a
lacking angular sector f, see Fig. 1(a), by orthoradial
stretching. But this shell is made of a nonhomogeneous
epidermis with 3 kinds of cells called hereafter dorsal (D),
seam (S), and ventral (V) cells; see Fig. 1(b). Once the
suture is achieved, the embryo becomes a composite
cylinder made of a row of epithelial cells and nascent
intestine. Besides, it is covered by the extracellular matrix
(ECM), a thin layer of secreted proteins. In the stress-free
configuration, before enclosure, the D cells occupy one
sector between [—¢py, dpy], S cells are located between
[ppv.B — dpy], and V cells fill the remaining sector up to
/Ni = — /2 [Fig. 1(a) and in the Supplemental Material
[30]]. From the mechanical viewpoint, we do not make a
distinction between the D and V cells and now call them
DV cells. As shown in the Supplemental Material [30], at
full enclosure [FE, Fig. 1(b)], the position of material
points are defined by R, ©, Z and then becomes r, 8, z with
elongation. At FE, the epidermis lies between the inner R;
and the outer R, radius. It is possible to map the stress-free
configuration onto the current one and then to define the
elastic strains, but one must keep in mind that the
experimental results refer to the beginning of elongation
which is not a stress-free state. This distinction is essential
in nonlinear elasticity. We call G the angular stretch
defined by € = GO®,, which varies with the axial stretch
Ay and the domain area. We hypothesize that at FE, all
parts are stretched in the orthoradial direction so Gy > 1.
The two unknown parameters of the initial geometry
(e.g., p and ©py) are determined in the Supplemental
Material [30] by arclength measurements [16]. Looking for
the simplest solution where strains and stresses remain
diagonal, the deformation gradient tensor defined by F =
Diag(Ag, A, Az) is then F = Diag(dr/0R,Gr/R,dz/dZ).
Resulting from both enclosure and elongation, the elastic
tensor F, defined by Diag (1,4, 1,) reads F, = FF,. Fy is
the prestretch tensor defined by 2 independent eigenvalues:
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F, = Diag((dodoz) ™", 49, Aoz), since the incompressibility
imposes Az = 1/(A4z). (See also the Supplemental Material
[30]). These tensors are defined everywhere in the cylinder
and are differentin S or DV domains. Only the elongations A,
and A, will remain identical in all parts for reasons of
integrity. Since there is no cell division during the process, the
volume conservation in the epithelium gives

1
Por= (R =R, ()

which allows us to calculate G, knowing that at the border of
the interior zone, A = r;/R; = 1/+/A,. In the Supplemental
Material [30], it is shown how the angular stretch G for S and
DV cells, Fig. 2, is obtained from measurements of the
circumferential lengths published in Ref. [16]. Since data are
available only at A, = 1.3, 1.5, extrapolation at A, =1 is
used. Agreement between modeling and experimental data
[30] validates the first steps with an epithelium thickness of
order 2 ym. Mechanical stresses can now be evaluated.

Equilibrium equations and boundary conditions.—The
crack opening reaches its finite value after only a few
seconds, which is in the same order of magnitude as the
velocities of actomyosin flows (in the order of 1 ym/s
[31,32]). Focusing on the equilibrium value of the slit
opening, we can neglect viscoelasticity [33,34]. Then, in
cylindrical geometry, the Cauchy stress o, diagonal as the
deformation gradient tensor F,, satisfies

Jo, 1

or +;(6,—O’g):0, (2)

where o, and o, are the radial and orthoradial components
in the current configuration. This equation is identical in

— 7=0 7=0.36

| — n=0.5
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FIG. 2. Angular stretch for S and DV cells. Notice that Gg < 1
for S and Gpy > 1 for D cells. Theoretical curves, explained in
the Supplemental Material [30], are weakly dependent of the
epidermis thickness, represented by = 1 — (R;/R,)?. Compari-
son with experimental data from Ref. [16].

linear elasticity [35]. Equation (2) requires only one
boundary condition, chosen at the apical border, just below
the ECM whose thickness is about 10~2 the embryo radius
[16,26]. So, it imposes a weak compressive surface stress,
0, ~0, during elongation. Defining Wp as the passive
elastic energy density, each stress component becomes o), =
M(OWp /0N )+0o%—p [17,18], where p is a Lagrange
parameter ensuring the incompressibility and of the active
stress which only exists in the S cells. o{ can be decom-
posed into a volumetric 6%? and a deviatoric 6%¢ part
defined by: 6%?=¢, I and 6*¢ =¢Diag(0,1,-1) [14,19].
(., may be included into the Lagrange parameter p (a
detailed demonstration can be found in the Supplemental
Material [30]). Conversely, the deviatoric part is a traceless
tensor with no specific sign. Finally, the definition of a new
energy functional [36]: Wp = Wp[(14z)~", 4, 1] enforces
automatically incompressibility giving:

o6g=0y+o,+(
OWp
o1’

6.=och+0.—-(
oWp
0y’ (3)

P _ P _
09—1 UZ—AZ

where o)) and ¢} decouple from the active part {. Once
Eq. (2) is solved, all stresses can be calculated explicitly
[30]. Since fractures are made superficially on the outer
surface where o, ~ 0, only 6y and o, are the components of
interest for our study.

Evaluation of the stresses and fracture opening.—In
these epithelial cells, it was found [25] that both micro-
tubules and actin filaments are oriented mainly in the
orthoradial direction in both cells. So we choose the
simplest constitutive law as a superposition of a matrix
and a fiber network elasticity:

Wpzg(ﬂﬁ+/12+/1§—3)+2(/12—1)2, (4)

when orientation along € is imposed. Such superposition is
currently achieved with some variants concerning the last
term [37,38]. Choosing the S cell coefficient ug as the unit
of elastic energy, we estimate that yp, > 1 to represent a
stiffer material and 7y < 7py, to represent a weaker degree
of fiber alignment in § cells. Since orientation is the same
for actin or microtubules [16,25], a unique coefficient =
involves both filaments.

At FE, the state of the cylinder is characterized by 3
independent prestrain quantities which are the orthoradial
stretches (4gg and Agpy) and the axial stretch Ayz; see the
Supplemental Material [30]. Within the thin epithelium
approximation, 7 = 1 — R?/R*> < 1, one easily finds Gy~
A0\ 2oz, from Eq. (1). From the geometry, the lacking angle
of the sector reads f ~ 2(z — ) ~ 2z[1 — (\/IozA0s)~']- In
addition, Agg and Aqgpy values must be compatible with the
continuity of the orthoradial stresses oy = 64 py at FE,
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TABLE I. Geometric and elastic parameters of the model in
different parts of the embryo.

Cos  Copy

pmoum o Aoz dos Aoy 45
Head 145 33.0 1.025 1.06 1.0326 2.2 1.27
Body 10.1 248 1.025 1.09 1.05 1.15 32
Tail 10.1 248 1.055 1.05 1.0232 1.25 29

Elastic coefficients: upy = 1.44, 74 = 0.15, 7y = 0.67

The circumference lengths C, are extrapolated from
Refs. [16,30]. 4y, values at enclosure, differ in S and DV and
from head to tail. The coefficients a’s refer to active stress
evolution, see Fig. 3(c). The elastic parameters of Eq. (4) do not
vary along the embryo.

which fixes the ratio of stiffnesses between the S and DV
cells with 4ypy < Agg. Post enclosure, the prestrains modify
the elastic strains into A = Ag)A = 4yGr/R and A, = Aoz A,
(see the Supplemental Material [30]). This explains why a
tissue remains in tension even if contractile motors exert a
compressive work on it. For a thin epithelium, the elastic
stretch 4 is transformed into 1 ~ 1yG/+/A, and we have
now o, ¢ + ¢ = o}, 5y, which gives {. G decreases as A
increases leading to a decrease of the passive stress op.
However, the active stress ¢, an increasing function of Az,
compensates the opening of cracks in the DV direction.
Finally, because the epithelial elasticity is both orthotropic
and nonlinear, the adapted mathematical formula for the
shape factor F;; is deduced from Wp, Eq. (4). The
equivalent Young modulus in the ith direction reads

2
g do? o +¢;
Ei:Kii_l; l:A ! and FNzlil
KJ] / ]8/1

j i

(5)

(a) Crack opening in Seam cells

(b) Stress evolution in Seam cells

This evaluation presents no difficulty once the elastic
energy density is known, albeit this question remains
challenging for small organisms.

Results and  discussion.—The incompressibility
hypothesis and the cylindrical shape are tested by
comparing the angular stretch G with the experimental
values of each domain: seam, dorsal, and ventral (see
Fig. 2 and Table I). There is a slow dependence with the
thickness of the epidermis which is reassuring since this
thickness in the order of 2 ym is not known with
precision. By extrapolation, we derive a value of each
arclength at the “supposed” beginning of elongation and
finally an angle of order f§ ~ 26°, indicating a significant
prestretch at enclosure, associated with a prestress about
0.45 for o4 and 0.35 for 6;. As shown in Figs. 3(b) and
3(c) the amplitude of the active stress ¢ is an increasing
function of A, which saturates around the value 1.8.
Above this value, a new mechanism involving muscle
cells [39—41] occurs, not considered here as we focus on
the role of the actomyosin network. Once the elastic
energy Wp is obtained from the body results, this energy
function is fixed everywhere: in the head and in the tail,
only the prestretch values due to enclosure are very
slightly modified as shown in Table I. After, the theo-
retical curves are derived from F, Eq. (5) and shown
in Fig. 3(a). Notice that the active stress ¢ is derived
from the difference between passive parts of the S and
DV cells with an empirical formula of 2 parameters:
¢ =2a;77"tan"'a (A, — 1). The agreement is good for
the crack opening in § cells. All the results concerning
this elongation step in the C. elegans embryonic life are
gathered in Table I. The methodology to derive these
parameters, which rest on the border conditions and
available experimental data, is explained in detail in the
Supplemental Material [30].

(c) Active stress during elongation

Body — Tail
A in DV direction

— Head

V in AP direction

-05

¢ (op+¢)

| ¢loy

FIG. 3.

(a) Crack opening in S cells for head, body and tail in the DVor AP directions, Eq. (5). Difference between curves comes from

prestrain values, Table I and the Supplemental Material [30]. In the inset, the active stress { beginning at enclosure. (b) Comparison of
passive versus active stress in S cells [Egs. (3), (4)]. The scale for stresses is the stiffness of S cells yu, = 1. (c) Active stress evaluated as
the difference of 6/ between DVand S cells. In the inset, ¢, deduced from the model and approximated by ¢ = 2077 tan~ oy (A, — 1)

with 2 parameters is given in Table I.
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To conclude, as emphasized in Ref. [20], it is especially
delicate to extract quantitative information from nonlinear
mechanical systems involving active and passive stresses
and, in addition, prestretch and prestress. The complexity
increases with the geometry for a multilayered inhomo-
geneous epidermis trapped between a central intestine
and the apical ECM. In vivo measurements, difficult at
the scale of the cell are made possible thanks to the
technique of laser ablation which, combined with this
analysis, gives a satisfactory picture of how molecular
motors can achieve cell and embryo deformations. Even if
the focus is put on C. elegans geometry, the theory
developed here can be adapted to other systems where
laser ablation is achieved to assess stresses and illustrates
how prestress can be accounted for in vivo. The role of
mechanics in embryogenesis needs not to be demonstrated
anymore. However, it is crucial to develop experimental
and theoretical tools to fully understand the origin of
morphogenetic events in model systems.
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Abstract. Epithelia, which consists of cell sheets lying on a substrate, are prevalent structures of multi-cellular organ-
isms. The physical basis of epithelial morphogenesis has been intensely investigated in recent years. However, as 2D
mechanics focused most attention, we still lack a rigorous description of how the mechanical interactions between the
cell layer and its substrate can lead to 3D distortions. This work provides a complete description of epithelial mechanics
using the most straightforward model of an epithelium: a thin elastic bilayer. We first provide experimental evidence
in Drosophila tissues that localized alterations of the cell-substrate (the extracellular matrix) can lead to profound 3D
shape changes in epithelia. We then develop an analytical model modifying the Foppl-von Kdrman equation with growth
for bilayers. We provide a complete description of all contributions from biophysical characteristics of epithelia. We
show how any localized inhomogeneity of stiffness or thickness drastically changes the bending process when the two
layers grow differently. Comparison with finite-element simulations and experiments performed on Drosophila wing
imaginal discs validate this approach for thin epithelia.
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1 Introduction

Biological cell assemblies are often organized in laminar structures called epithelia. Epithelia cover most of our hollow organs,
such as the esophagus [1], intestine [2,3] and stomach. The skin is also an epithelium constituted of several cell layers. The
structure of epithelia is of one or several attached cell layers, which rest on a more disorganized polymeric substrate, called the
extra-cellular matrix (ECM). Even the simplest epithelium, constituted of a single cell layer, must rest on an abutting ECM layer.

In the past decade, a lot of emphasis has been put on the role of the cytoskeletal cortex on the apical side of the cells (the side
away from the ECM layer) in setting mechanical properties of epithelia [4]. However, recent investigations have established that
the mechanical properties of the ECM may be as important in setting the shape of a tissue [S5]. Both the cell layer and the ECM
must be taken into account in the mechanical description of epithelia.
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From the biomechanical viewpoint, an epithelium may be viewed as a bilayer made of two different soft materials with
different stiffnesses and different ways to grow: the cell layer grows by mass increase and proliferation, while the ECM grows
by addition of polymer-chains and swelling. A bilayer can also serve as a suitable approximation for more complex geometries,
such as the multilayered skin, sub-divided into the dermis and the epidermis. In between layers of cells or in between cells and
connective tissues, the ECM may develop into a stiff membrane enriched in collagen filaments called the basal membrane [6].
Epithelial cells may also have a reinforced cortex at their basal side, increasing the interfacial stiffness [7,8]. A more realistic
mechanical view of epithelia would thus be that of a bilayer with the addition of stiff interfaces originating from the ECM or the
cytoskeleton.

When one layer is a very soft substrate, several studies have attempted to deal with such bilayered systems [9-14] by treating
the soft layer as an elastic foundation or as an ad-hoc resistance potential [10,11]. These models become essentially single-
layered and cannot account for the diversity of behavior of two-layered systems where the two layers play similar roles and have
similar properties. We aim here to present a simple mechanical model of thin bilayers using the Foppl-von Kdrman equations
(FvK) with growth. In the context of a thin plate hypothesis, the FvK equations allow a 3D to 2D dimensional reduction which
considerably simplifies the analytical treatment of plate mechanics. The FvK equations are thus well adapted to incorporate many
different biological features of layered tissues which are difficult to handle analytically in a fully three-dimensional formalism. It
has recently been shown that FvK equations with growth allow to explain the buckling of thin objects such as flowers and algae
in a rather simple way [15,16], when compared to the full treatment of finite elasticity with growth [17]. In addition, a slight
modification of these equations allows to treat initially weakly curved membrane. This prompted us to use the same approach for
a bilayer with growth. When modeling a single-layered epithelium, the two layers of the model are the ECM and the cells, while
the interfacial stiffness represents the basal cytoskeletal cortex of cells (left inset in fig. (1)). When modeling a more complex
system, such as the skin, one layer of the model represents the cell layers of the epidermis, the second layer is the dermis (a
connective tissue) and the interfacial stiffness represents the extra-cellular basal lamina (right inset in fig. (1)), see reference
([6]). Our model can account for local variations in the stiffness or in the thickness of the layers as well as interfacial stiffnesses.
Such variations are often present in biological tissues, and are thought to be shape generators in morphogenetic processes. These
local variations in mechanical properties can also be induced in the context of perturbative experiments.

As much as elasto-mechanical processes may drive the shape of epithelia, this shape builds upon a long and intricate history of
growth, stress distribution, and changes in mechanical properties. On the other hand, our formalism, which uses linear elasticity
with moderate non-linear elastic strains, can only account for slight shape variations, spanning time intervals typically smaller
than the doubling time of cells within the tissue. To mitigate this problem, we encapsulate all the previous history of development
and morphogenesis in an initial shape and a pre-stress. This allows confrontation with experiments where the tissue, at the onset
of observation, is rarely in a flat and stressless configuration and where the full history of development is also inaccessible. We
show that the model can treat many aspects of biological tissues, which are not so common in material sciences. Although the
formalism was initially developed to treat biological growth, it could also serve for the opposite case of resorption, which could
be of interest both in a biological and material science context.

In this paper, we first demonstrate experimentally how alteration of the ECM can substantially impact the shape of an ep-
ithelium. For this, we genetically degrade the ECM in a band of cells in the Drosophila wing imaginal disc -the precursor of
the adult wing. Subsequent sections are devoted to developing an analytical and numerical treatment of a bilayer model. We aim
to account for the experimentally observed distortion of the tissue and provide a general framework to address the mechanics
of growing bilayered tissues at large. Section (3), is devoted to the geometry of the sample under study and a reminder of the
necessary approximations to incorporate the formalism of finite elasticity with growth into the FvK approach. In sect.(4), we
give the main equations for a bilayer and an approach of the treatment of the interface. In sect.(5), we derive the Euler-Lagrange
equations for the elastic bilayer equivalent to the FvK equations and we demonstrate the peculiar role of the neutral surface for
the bending of the plate. Its position is derived for arbitrary stiffness and thickness, not necessarily constant, of the two layers.
Section (6) focuses on uniaxial deformations, which simplify the FvK modified equations for a bilayer with additive terms at
the origin of buckling. In this section, numerical results illustrate the various cases for pre-stressed plates but also for slightly
curved membranes, and the theory is confronted to experimental data. In sect.(7), results obtained with finite element simulations
achieved in the same context of growth, thickness, stiffness and defects are presented. Finally, we conclude in sect.(8) by giving
some perspectives.

The model can be adapted to many other biological systems, as epithelia are ubiquitous in most living species. It could also
be used for other thin objects such as leaves or algae.

2 Experimental motivation: biomechanics of Drosophila wing imaginal discs

The Drosophila wing imaginal discs (the precursors of the adult wing) are epithelial tissues that became, over the years, one of
the most studied and best characterized system to study growth [18]. The growing wing imaginal disc displays a highly patterned
field of mechanical stresses[19-21]. Cells at the periphery of the epithelium sustain a strong mechanical stretch. This pre-stress
builds up as the tissue grows. In addition, the tissue becomes curved as development proceeds, gradually changing from a simple
flat surface to a more complex curved surface.
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Fig. 1. Geometry of the bilayer model. wo(x,y) is the deviation of the initial configuration from a flat surface; {(z,y) is the displacement
from this initial configuration as a result of elastic energy minimization under the action of growth and pre-stress (/No). The schema at bottom
represent biological context that can be modeled by the theory: the two layers can either be cell or ECM layers of different height, Young
modulus and growth rate; the stiff interface can be a cytoskeletal cortex or a thin ECM.

Until recently, most attention was brought upon the role of the apical surface of the epithelium in setting its mechanical
properties. It was however recently demonstrated that the extracellular matrix upon which the epithelium sits plays a major role
in shaping the tissue. Alterations in the basement membrane composition, which includes collagen IV, laminin, nidogen, and
heparan-sulfate proteoglycans, have profound effects on the shape of the wing imaginal disc [22]. Alterations of the basement
membrane have also been shown to play an active part in setting the 3D shape of the wing disc by promoting the formation of
the folds that gradually arise in the tissue [23,24]. From these experiments, it now stands that wing imaginal discs, and most
epithelia in general, are two layered composite structures. Both the cell layer and the ECM layer take an active part in shaping
the tissue [25].

To assess the role of basement membranes in setting mechanical properties of the imaginal discs, we used Drosophila ge-
netics to express the matrix-cleaving metallo-protease Mmp2 in a band of cells, located at the center of the wing imaginal disc
along the Dpp-Gal4 genetic pattern (fig.(2a)). The genotype of the observed tissues is ubi-cad:GFP UAS-GFP tub-Gal80;,/+;
Dpp-Gal4/UAS-Mmp2. It combines the necessary transgenes to express the metallo-protease locally and to visualize cells with a
cadherin: GFP fusion. The biochemical action of Mmp?2 is to degrade structural components of the ECM [26], which in mechan-
ical terms implies a possible change of ECM stiffness as well as the thickness. We cannot rule out also an indirect effect on the
the basal cytoskeletal cortex of cells, as an altered ECM in the vicinity of the cell layer implies a reduced activation of integrin
receptors. Our elastic model will need to take into account these different contributions. The metallo-protease expression is con-
trolled in time via the thermo-sensitive mutant of Gal80, by switching Drosophila from 18°C to 29°C 24h before observations
(fig.(2b)). Such a timing corresponds to approximately 18 hours of Mmp?2 expression since 6 hours are required to reach full
Gal4 expression after the temperature switch [27]. To image the imaginal discs, we performed ex-vivo cultures of wing imaginal
discs as in [19]. The living tissues were then imaged with a spinning disc confocal microscope.

Figure (2¢) shows the cross-section of an imaginal disc 18 hours after metalloprotease expression. The region of perturbation,
identified by RFP expression, is shaded in red on the figure. Figure (2d) shows the profile of the apical surface of the epithelium,
which has a region of inflection near the protease expression. This profile (fig.(2c,d) corresponds to a wing imaginal disc that
was initially flat. Alternatively, fig.(2d,e). shows the same perturbation outcome on a wing imaginal disc that was initially curved
- curvature normally builds up at late stages of wing disc development (around 80 hours after egg laying). The resulting tissue
is very different from the previous case. This time, the profile shows a more complex configuration: the naturally occurring
curvature is prevalent on the borders of the wing disc; at the same time, the metalloprotease action in the region of perturbation
induces an inversion of the curvature there.

To conclude, we observed that upon ECM degradation (which may impact the stiffness, the thickness, and the interfacial mechan-
ics), the epithelium curves in the perturbation region (fig.(2h)). We observed two archetypal outcomes depending on whether the
tissue was initially flat or curved, which can lead to the inversion of the naturally occurring curvature in the perturbation region.
These experimental observations will be subsequently confronted to our FvK bilayer model and our finite-element simulations
(see fig.(8) and fig.(10)).
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Fig. 2. Folding an epithelium by local ECM degradation. (A) Transmission light imaging of a Drosophila wing imaginal disc (left) and
corresponding sketch with the region of localised expression of the protease Mmp2 shaded in red (right). (B) To control expression of the
metalloprotease, the sample is switched from 18°C to 29°C several hours before observation. (C-F) Experimental demonstration. (C) An xz
cross section demonstrates the shape of an initially flat wing imaginal disc under the effect of a localized metalloprotease expression (in the
red colored region). The schema in (D) demonstrates the change in shape of the tissue. (E,F) Same as (C,D) but with an initially curved wing
imaginal disc. (G) A schematic representation of the shape changes observed in the wing imaginal disc.

3 Modeling

The geometry of the model is represented in fig.(1): two layers of different thickness (hy and h,), stiffness and growth rate are
organized in a bilayer, with an interface which may also bear a stiffness. The shape of the initial configuration (see explanations
in fig.(1) is given by wq(x, y), the deviation from the horizontal line; the vertical deflection arising from the elastic minimization
is denoted ¢ (z,y). There are no explicit rules about the difference in stiffness or thickness of the two layers, but they have the
same order of magnitude most of the time for living species. While there is also no rules regarding the thin interface layer, it will
only play a role if it is much stiffer. Contrary to inert materials, changes in the shape of the structure arises from inner processes
such as volumetric growth rather than through external loading, although this latter is not eliminated a priori from the model.
The bilayer can model, with different degrees of accuracy, a single or a multi-layered epithelium.

A decade ago, Dervaux et al. established the formalism of a growing plate using the theory of finite elasticity with growth
[15,16]. Here, we extend their analysis of a single layer to a thin bilayer, both layers having different growth rates and different
elastic properties but remaining thin. Indeed, the FvK equations rest on some limitations: the order of magnitude of the vertical
deflection ¢ due to the buckling and the initial deviation from the horizontal line w must remain small compared to the horizontal
length L (they may be larger than the thickness h of the plate).

In the following, we first present the model for the general 2D case with arbitrary buckling deformations, and subsequently
treat the simpler uni-axial folding.

3.1 The geometric and elastic strain

We consider two different layers with thickness hy (top) and h, (bottom). When volumetric growth or degrowth occurs in an
elastic sample, each point is displaced and the gradient of this displacement is a geometric tensor called the deformation tensor:
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F'. According to the famous Kroner-Lee decomposition [28], F' results from both the elastic tensor A and the growth tensor G
in a simple way :
F=AG (1)

Here, plasticity is neglected. The amount of growth per unit volume is given by Det G — 1, which is negative for mass
resorption and positive for growth. When it is small, the growth tensor G can be decomposed into : G;; = d;; + dg;; with
|0gi;] << 1. The deformation tensor is then also small leading to the following displacement of the points originally located at
r=(,y,2):

u®(2,y) + (Z = Zp)u' (z,y) + wo(z,y)
(U2, y) +(Z — Zo)UL (,9)) ex + (U (2,y) + (Z — Zn)Us (2,9)) e2 + ((x, ) + wo(z,y)) e3

u(r) 2

where wo(x, y) represents the intial position of the interface bilayer, and ((z,y) the deflection due to the buckling event. Each
e; represents a cartesian unit vector and the superscripts ”0” or 1" stand for the order of perturbation. Indeed, the ratio between
the thickness of the bilayer and the horizontal size L is one small parameter ¢; = h/L but the magnitude of the displacement in
the Z direction compared to L is a second independent small parameter eo = (/L. We assume that both layers have comparable
thickness and h means either hy or h,. In the classical FvK approach, e; ~ /€7 a scaling which is justified below and which
will constrain g;; and wy. Since we examine here a composite material, the choice of the origin of the Z axis is free at this stage.
We define this origin at the physical interface between both layers. We also introduce Z,,, a possible shift in the expansion of
order h , whose role is to minimize the elastic strains. This surface defines the surface of separation between parallel surfaces in
extension compared to the ones in compression due only to the buckling process. In the single plate geometry, Z,, corresponds
to the position of the neutral surface and is located at /2. We can then define the geometric deformation gradient :

Jui
81‘j

where, as in Landau’s book of elasticity [29], the index ¢ indicates an index varying between 1 and 3 while greek letters restrict
to 1 or 2. The elastic strain that we deduce from eq.((1)) when A and G are close to unity reads :

Fy =6+ ®

3ui
al‘k

Aij = oG + -G 4

Defining G—1 = I — g, each component of § must remain a small quantity to validate the FvK approach. In addition, we
assume no change of the thickness of the sample which means g3z = 0, this hypothesis simplifies the equations and can be easily
revisited. A spatially constant value of gs3 over the sample simply enters in the definition of h. We also assume that g,z scales
as e% while g,3 and g3, scale as e5. To order 2 in €5, the elastic strain € reads:

1 [(Ouy  Oug _o¢ . OC ¢ o¢ ¢
CaB ™5 (6.%‘[3 + 04 Jap — J3a Oxg 938 O0zq + O0zq Oxg + R, 50‘5) ©)
where we only keep the quadratic term in ¢ for the deformation tensor, all the other contributions being neglected. In addition,
to simplify the notations, we define go3 = g3a + Ga3 and gog = gos + Jsa — G3ag3a- The last term in eq.(5) represents the
geometric stretch of the deformation due to the eventual curvature of the initial shell formulated with R, and R, the local radii
of curvature, in the direction x and y [10]. A more precise mathematical formulation can be found in [30] in function of the
curvature tensor of the shell. To simplify, we have assumed that R, and R, are the principal radii of curvatures of the initial
shell, positive for a concave membrane. So R, ! = —0,,wo(z,y) and R, L = —9,,wo(x,y) for a slightly curved membrane.

For a consistent expansion, all terms in this relation must have the same order of magnitude. This implies several scaling
relations. We get for the horizontal deformation: u ~ ¢?/L, for the growth element g,5 ~ (?/L? and for the two radii of
curvature R; or Rj: R~ L?/¢ ~ Le; "

3.2 Dimensional reduction of the Hooke’s Law for one layer

We aim here to establish the equilibrium equations of a growing bilayer under initial pre-stress (represented by Ny in fig.(1)
when it is initially planar or weakly curved. For that, as in Landau et al. book [29] and in [11,15,16], our strategy consists in
calculating the elastic energy and deriving the Euler-Lagrange equations through variations. Most importantly, we write the stress
and strain tensors as a function of  and y only. First, we consider each layer independently since each of them has its own elastic
coefficients and its own growth characteristics. The coupling will be realized via the boundary conditions. Due to the weakness
of the deformation for slender objects, we can apply the Hooke’s Law which is the constitutive equation of linear elasticity, but
we maintain the nonlinearities of the strains according to the strategy of the FvK equations. We also consider the usual membrane
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hypothesis: 033 = 0 which is equivalent to the plane stress approach. Then, it reads for the Cauchy stress components 0,3 where
« and [ are restricted to x, y:

E
1T-.2 (1= v)eap + very0ap) (6)
with v ~ 1/2 for the incompressible case, an assumption commonly used for living tissues. In order to determine the elastic
energy 17, we then write the elastic strain tensor (also a function of = and y), which we decompose in orders of (Z — Z,,) with
the help of the expansion 2), so that

OuB =

€ap = egﬁ +(Z - Zn)eiﬁ

First the zero order:

1 .0 .0
Q= (O0U8 + 95U+ 0nC05C — sy = o s — s - + 500 ) Q

The first order results from the cancellation of the stresses of the third dimension : 033 = 013 = 023 = 0, S0 €13 = €23 = 0 (see
[29]) and using the definition eq.((5)), we derive:

0 0
Uf(f,y)z—gC‘f'gls; U21($7y)“—afyC+g23 ®

Thus the strains at first order become : 1
—925C+ 3 (0agp3 + 089a3) 9)

One recovers the bending contribution 827 3G, multiplied by Z — Z,,. Following the equilibrium equation eq.(6) and the decom-
position of the elastic strain (eq.((7))) and eq.((9))), we can also decompose 0,3 as Tag = ag gt (Z — Zn)aé -

4 FvK equations for the bilayer case

As in Landau’s book of linear elasticity [29], we average the elastic energy in the thickness of the bilayer.

4.1 Averaging the FvK equation

An important problem in the construction of the model is to establish the position of the neutral surface when the layer is
not perfectly homogeneous or for multiple layers. According to [29], the neutral surface defines the separation between layers
in compression from layers in tension when the structure is weakly bent. For an homogeneous sample, the neutral surface is
naturally the middle surface of the sample. But for a bilayer, the position of the neutral surface is unknown. The interface
between both layers seems to be the natural choice for the definition of the origin of the Z coordinate but it is not the neutral
surface. So, we put the neutral surface at a position Z,, that we ignore and this position will also contribute to the minimization

of the elastic energy 1" .
hy 1
r :/ dz // ds (Uaﬁéaﬁ) (10)
—hs So 2

The Euler-Lagrange equations result from variations of 7° with respect to ¢ and u,,, the linearity between o and € leading
to 01 = o,8d€q. These variations, taken one after the other must vanish at linear order. Special attention must be given if the
growth tensor or the Young modulus E' are dependent on Z as it is obviously the

Case 1 for the bilayer, and sometimes of the other coordinates = and y. The variation of 7" with respect to the horizontal defor-
mation u,, is easily derived and gives:

h
0 (e, €y Znjy ua) = —// dSdug i / ' oapdZ =0 (11)
So amﬁ —hs

This corresponds to the second equation in the FvK formalism [29], sometimes re-written with the Airy potential, which is very
useful for analytical or numerical solutions of a 2D problem. Variation of 7" with respect to ¢ gives:

—h

T ZpiC) = S§ hfZ—ZfZ 92 — 00(95C - Gaa | I8\ \ _ 12
(tas €, Zn3 C) o dSo¢ d ( n) aBTaB o ( 3¢ O'aﬁ)+ R +R5 0 (12)
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In eq.(11,12), the two bracketed terms mush vanish. We do not mention explicitly the contributions coming from integration
by part which fixes the boundary conditions for free boundaries. In the following, we consider only clamped boundary conditions.
Finally, there remains one free parameter, Z,,, that we will use to minimize the bending energy. Indeed at a low level of stress, the
bending contribution given by eq.(12) ([29]) is the dominant one. As mentioned above, the neutral surface Z,, is a characteristic
of the bilayer structure and geometry and does not depend on any loading and/or any growth process. Considering 7 in the limit
of a tiny buckling mode ¢ in eq.(10) and separating o as 043 = 0’35 +(Z - Zn)oéﬁ, we have:

hy

8 (v, €y Zns Z)) = — // dSéZn/ dZ (oozehs +2(Z — Zn)olzehs) =0 (13)
So —hs

where we have separated in o, the contribution of zero and first order in (Z — Z,,) as for ¢, both terms satisfying the Hooke’s

law independently. In the limit of negligible in-plane stresses and tiny bending deformations, with { << h, the scaling evaluations

estimated before indicate that the first term will behave as E(Z)¢?/L* while the second term behaves as E(Z)h¢?/L* and so

the second term dominates, giving an implicit equation for the neutral surface position:

hy
E(Z,x,y)(Z - Zp)dZ =0 (14)
—hs

since €, 5 does not depend on Z. Notice that if E is also a function of (z,y), Z,, becomes also a function of (z,y). It is now
possible to transform eq.(12) once we define the new bending coefficient and the new spontaneous curvature due to growth:

1 hy ) 1 M E(Z,z,y) 9 (0gaz | Ogp3
D= =), E(Z,z,y)(Z — Z,)*dZ; Cup= Q/hs W(Z — Zn) (69&5 + o, ) dz (15)

Doing again the separation of o into ¢” and ¢, an intermediate step consists in integrating 0,3 over the Z variable, which gives
first:

hf
Sap = —/ (Z — Z,)00pdZ = (1 — v)(D24C — Cag) + V(DAC — Cor)os + Mag (16)

—hs

where we have dropped the dependence of D and C\p in z, y to simplify notations, introduced the 2D Laplacian A = J,,, and
anew tensor M,g:

h
Mog= [T EEED (7 2,) {0 V)gas + s} a2 an

The simplification of M is due to the definition of the neutral surface and the fact that only the growth component g,5 may
depend on Z. If it is not the case, M,z vanishes. At last, eq.(12) gives the equivalent of the first FvK equation:

hy hy OppdZ hi o dZ
02550 — Da {/ aaﬁaﬁgdz} + <fth + f*thyy =P (18)
—hs @ Yy

where P is a vertical pressure, possibly applied to the bilayer.

This last equation, eq.(18), governs mostly the bending deformation. In the nonlinear regime of the FvK formalism, it is
coupled to the horizontal stresses 0,3 whose equilibrium is given by eq.(11). When not stated otherwise, oz is the total stress.
D appears to be an effective bending coefficient of the composite structure and C,, as a spontaneous curvature associated with
growth. For a homogeneous layer with no growth Z,, = h/2, M,z vanishes and one recovers the traditional FvK equations
without growth, see [29]. Notice that in eq.(18), we also recover the spontaneous curvature x = 0,g43 found in [16]. Let us
focus now on the uniaxial folding where all the equations simplify.

4.2 New FvK equations governing uniaxial folding

For uniaxial folding, the only dependence is along the x axis and all the tensors are reduced to one element, which simplifies a
lot the analysis but reduces the diversity of observed buckling patterns, as explored in previous works [12, 14]. The elastic plane
stress equilibrium equation, eq.(11) gives :

N = /oudZ — N (19)

where N is a constant that we choose positive. Ny indicates a lateral compression, a situation easily realized in material sciences
but in embryo it results from accumulated pre-stress [31,20] (see fig.(1)). The bending equilibrium equation now reads:
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KNS (¢ +wo) _ d?
2 Dos +N072 = 2 (Cll —M11)+ P(l‘) (20)
gz da? dz dx
Elastic term Pre-stress Growth contribution External stress

where we detail M7, in the simplified case of growth occurring only in a single layer.
h - h 0
My =[5 PR gndz = [ 2R gz + |2, PR gtdZ
21
fhf E(f l,Zz )? dgde — fhf E(f l,Zz )? dgl3dZ+f E(f VZ2 )? dgde

We have derived an effective equation for the bilayer, which takes into account that the growth may differ from the top to the
bottom layer via C'1; and M7;. Contrary to C11, M7, appears only if the growth tensor component g is different in both layers.
If in addition, the second derivative of these two quantities does not vanish, they appear equivalent to a vertical loading acting on
the bilayer giving it a curvature in absence of an initial one (wo = 0). This will destroy the perfect symmetry up and down, once
averaged over the thickness of the bilayer and explain the bending in the case of growth. We now examine in more detail how the
structure of the bilayer and eventually how defects affect the bending one-dimensional equation.

4.3 Boundary conditions for the bilayer.

Boundary conditions concern the top and the bottom interfaces between the surrounding fluid and the two layers, as well as
the interface between the two layers (Z = 0). In solid mechanics, the interface between layers is often considered as a line of
discontinuity. More realistically, it is a thin zone of sharp variations for physical constants - in our case for growth coefficients or
stiffness. Moreover, it may happen that the elasticity of the interface is not simply the mean-value of both elastic coefficients. As
discussed above, this happens when the interface of a cell layer and the ECM is enriched in intracellular cytoskeletal filaments,
or when a thin basal lamina separates two cell layers, both circumstances leading to a stiffer interface. If the interface is really
smaller than each layer, we can consider it as a transition zone around Z = 0, then avoiding the application of boundary
conditions to a system of 3 layers. A way to avoid writing boundary conditions is to represent the sample as a unique layer where
the elastic parameters such as the Young modulus vary continuously. If the interface is very thin, one needs only to know its
thickness relative to the thickness of the bilayer, the detail of the description is not really important. The fact that we use the
so-called membrane hypothesis with cancellation of the stresses 013 = 023 = 033 = 0 ensure automatically the continuity of the
normal and shear stress at the upper and lower boundaries and at the interface of the two layers (Z = 0). So only the continuity
of the displacements is required at the interface. Choosing a “continuous approach” and aiming to transform the bilayer into a
unique layer whose entire thickness will be iy + h, we assume that the Young modulus £ and any growth number g, can be

written as:
E; + E + (Ef — Ey)

E(Z)= 5 3 tanh(Z/lp) with [y <<<hy; and Iy <<< hy 22)

and f f s
gij(z) =24 ;rg” + (92 ; gi) tanh(Z/lo) with lp <<<hs and Iy <<< h, (23)
When a thin stiff membrane superposes to the two main layers of the sample at a position Z,,, which can be on top Z,,, = hy,
or at the bottom Z,,, = —hg, or at the surface of separation: Z,,, = 0, as justified above, then we can slightly modify eq.(22) into
Bz =2 ; E B ; E.) tanh(Z/lg) + Eme @mZ=2m7/5 with g <<<h; and lp<<<h,  (24)

the Young modulus of the membrane, E,,, can be much larger than both E'y and E;. o, is a numerical coefficient characterizing
the thickness of the membrane. Another boundary layer may exits on top or bottom of the bilayer, in addition to the interfacial
one. The formulation of the Young modulus, E(Z), must then also includes this new contribution. Such definition of F(Z) can
be implemented into eq.(15) very easily to deliver the new FvK equations. We focus now on the the neutral surface position and
on the bending coefficients when either the elastic coefficients or the thicknesses present a sharp but small in size variation along
the sample.

5 Position of the neutral surface 7, for uniaxial loading

We can guess from the definition of the coefficients (eq.(21)) of the bending FvK equation (eq.(20)), that the position of the
neutral surface is crucial for the shape of the sample when growing and buckling. We consider first the position of the neutral
surface for layers of constant thickness and constant Young modulus and we introduce a linear perturbation dependent on the x
variable. If the linear approximation is not valid, a numerical solution is always possible as in sect.(7).
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5.1 Position of the neutral surface for a bilayer without structural defects

In the case of an ideal bilayer with no structural defects, Z](\(,)) is determined implicitly via eq.(14) with a Young modulus F(Z)
defined by: E(Z) = E¢ if 0 < Z < hy and E(Z) = E; if —hs < Z < 0. D is deduced from eq.(15) and it reads:
2(Efhs+Eshs) - 12(1 —VQ)(thf +Esh5)

»(0)

Z¥ = (25)

where the superscript for Z,, and D reminds us that these formula are restricted to ideal cases. One can notice that if the
two layers have the same elastic coefficient, one recovers the standard bending stiffness: D = E(hs 4+ hy)?/(12(1 — v?)) and
the neutral surface is located at the middle of the layer of thickness (h ¢ + h)/2. We can convince ourselves that the neutral layer

is located inside the bilayer since —hg < Zflo) < hy, which is a necessary condition. These two quantities Z,(IO) and D) play a
deep role in the bending equation, first equation of the FvK set of equation eq.(18) and for the definition given by eq.(15). It is
why we consider now the departure from the ideal situation:

Zn =20 16Z,; and D=DO 44D (26)

Hereafter, several causes are investigated at linear order in the perturbation amplitude.

5.2 Position of the neutral surface for diffuse or stiff interfaces

We allow a diffuse interface according to the representation given by eq.(22). The thickness of the interface [y is small compared
to hy or hs. Although an exact calculation of Z,, is doable, it involves unusual analytical functions so we give here only an

asymptotic formula for the result up to a correction of order e~"/%0:
m23(Ef — Ey)
24(thf + Eshs)

= Z,,(LO) +b; b~ 27)

This is a tiny effect being of order 3 /h?. In the presence of a stiff interface with E; larger than E or Ej, the correction to Z,,
is more important:

(th§ - EhQ) — n2B(Ey — E)/12

7, ~ 28
2 (Ehy + Eshy) + /il Jar (28)

where the symbol ~ indicates also a correction of order e "/, h being either h ¢ or h. In the presence of an additional stiff

layer, on top or on the bottom, with a different stiffness E}, we derive in the limit of vanishing e M/l the following value for
the neutral surface position:
(Ejh?c - E;h%) + TbEble(hs/ab — lo/aﬁ) — 7T2l(2)(Ef — Es)/12

Lp
2 (thf + Eshs) + ﬁlo(Eb/(2ab) + E[/Oé[)

(29)

with 7, = 1 when the stiff layer is on top, and 7, = —1 when the stiff layer is at the bottom. Knowing that the interface stiffness
Er or Ep may be an order of magnitude larger than E; or E,, this correction may modify significantly the values of the D
coefficient in the FvK equations. The addition of thin layers, as described here, to the initial bilayered system will change the
position of the neutral surface and the resulting D coefficient, but it will not change the structure of the FvK equations.

5.3 Localized defects of the thickness

Let us consider now a weak and localized variation of the thickness of one of the two layers. The neutral surface will then be
distorted. We derive its new position by a simple linear expansion of Z,,. This induces an equivalent expansion on the parameter
D which multiplies the bending term in the equation eq.(20). Assuming that the thickness varies as

() (0)
h=h;(1+4 B8;(z)) then Z, ~ Z,SO) + 882/; hiBi(xz) and D~ DO 4 Gé?h hiBi(x). (30)

where D(®) and Zy(LO) are given by eq.(25). and ~ means an expansion restricted to first order. It reads
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Fig. 3. Cylindrical mylar shell under a localized forcing. Originally the plate has a length of A = 35 c¢cm and a width L = 17.5 cm. The
Young modulus of the mylar plate is 3.810° Pa.s and the Poisson ratio is » = 0.4. The initial bending is realized by imposing the boundary
conditions. On left, one notices that for a low value of the imposed deviation Z = 4 mm, the pattern of sinking is quite elliptical while it
becomes cylindrical for Z = 15 mm representing a folding in the opposite direction of the initial one. Image extracted from [32]

— On the top layer, we get:

(0)
f(hf"Zn E 2
Zn= 20+ g @) and D= DO s (hs = 20) hsBy(a) 31
— On the lower layer:
©) Es <hs + Z'SLO) 0) Es (0) 2

It is to be noted that a dip in either the upper or the lower layer means a negative value for the coefficients §;(z) so, as expected,
a local decrease of the stiffness of the sample.
5.4 Localized inhomogeneity of the Young modulus

We now consider a localized variation of the Young modulus, which we treat through the expansion:

0Z, E6;(x) and D~ DO 4 oD

E~FE;(1+6; d Z,~2z0

Leading to:

— Inhomogeneity in the top layer:

E;Esh¢hs(hy + hy)

Ey
(Efhs + Eshs)? 2

Zy ~ 7O 31 07

6¢(z); and D=~ DO 4

(13— 3132 + 30, (Z0?) 5(2) - 34

— Inhomogeneity in the bottom layer:

EfEshfhs(hf + hs) Ef
6s(z); and D~DO 4 1 _
(Eyhy + Bohy? s@i an + 2

Zn ~ 70 —
" 3(1—v2)

(2430220 + 30,(Z)?) by(2)  35)

6 Results for uni-axial folding

As mentioned above, the uniaxial case simplifies a lot the analytical analysis but reduces the diversity of buckling patterns that
can be accounted for compared to the 2D case. Nevertheless, the 1D approximation is still of great experimental relevance for
some experimental systems. In the case of the experiments of fig.(2), for example, the tissue and the genetic perturbation can be
assumed to be spatially invariant along the y-coordinate, making it essentially a 1D problem. In this context, the present section
provides an in-depth analysis of bending contributions of the bilayer in the uniaxial case, with and without structural defects.
We first analyze the bending equation of the uni-axial folding analytically. We then address the problem numerically by selected
possible 1D examples using the software of resolution Mathematica. Finally, simulations from the FEM (Finite-element method)
software COMSOL Multi-Physics are presented.
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6.1 Source of bending in bilayers

We will demonstrate in the following that the source of bending for growing bilayers are numerous and diverse and may have
different biological origins. We analyze here some cases as examples. First, we define dimensionless parameters which will
govern our FvK equations for a bilayer made of two layers with constant elastic coefficients.

6.1.1 Dimensionless bending equation

Using as length unit the length L of the sample, eq.(20) reads:

e d2¢ RC+Wy) &2
W{(1+5D)W}+No xT = gx2 (O M) (36)
Pre-stress Growth contribution

Elastic term

where we keep the same notation for ¢ (X') which becomes (z)/L, X = x/L, Ny = NoL?/D® 6D = (D—D©)/D© M =
My, L/D©, C = Cy1 /(D L) are dimensionless quantities and W (X) = wo(z)/L represents the initial position of the curved
sample. External vertical loading is discarded. It is worth noting however that the equivalent of a loading can arise from the growth
contribution (right-hand term of eq.(36)) owing to the fact that it involves spatial second derivatives, like the pre-stress term. For
such a growth-induced loading to arise, growth of the two layers must differ to get a non-vanishing M value, and at least one
of the terms (C or M) must vary spatially. This growth induced loading accords with previous investigations that demonstrated
the need for differential growth of apposed layers to induce buckling of brain cortical folds for example [33-36]. Even with
homogeneous growth, the right hand term can lead to a non-vanishing contribution, for example in the case of a structural defect
that will change Z,,, and induce high spatial frequency components in C' or M. Nevertheless, it is difficult to discuss a priori the
( profile which is added to W as a result of the growth term, since it depends also on the boundary conditions. We can intuitively
predict that inhomogeneous growth is responsible to a "fictitious pressure” or on the contrary to a tension added to the sample.
The simplest case may be the one of a homogeneous bilayer that we consider first.

6.1.2 Bilayer without structural defects

This case corresponds to sect.(5.1). For simplification, we do not consider the case of a sharp interface and the bilayer is made
of two perfect layers of constant thickness and Young modulus. The growth process occurs mostly in one layer. Assuming first

g{l (X) in the upper layer and g5, (X) = 0 in the lower layer, we have for M({ and C’(J; according to eq.(21):

of dgi <thf(hfc — 328 (hy — fo”))

O dx 3DO)(1 —v2) @7

Eihy(hy — 229
Mé‘—gﬁ(X)( ity )>

2DO(1— 12)

where Z(©) and D(© are given by eq.(25). It is easy to check that both parameters M, and C, have the same sign as the growth
elements g{ ; and Ox g{ 3. If growth occurs in the lower layer and not in the upper layer, it reads

Eyhy(hs +220) oo dgts(X) (L[R2t 32 (hy + 32 38)
2DO)(1 — 12) o e 3DO)(1 — v2)

Mg = —g11(X) (

Here again, hg + 2Z,(«LO) is a positive quantity and the sign of M is opposite to the sign of g7; while the sign of Cj is
automatically given by the growth coefficient derivative. Without pre-stress it is possible to observe a buckling of an initially flat
plate because of a differential and inhomogeneous growth process. It exists a competition of the origin of this buckling between
g11 Or g13, or between My and (. Differences in growth of the two layers induces a symmetry breaking between up and down.
It is non trivial to compute the sign of the growth term -whether it contributes to a vertical pressure or tension-owing to the fact
that it stems from the competition of two terms (M, and Cj) through their second derivatives. Notice however, if the growth is
not x dependent, these terms will disappear from the buckling equation, on the contrary they will become more efficient if they
strongly depend on z. Localized defects will increase the efficiency of the buckling as shown hereafter.

6.1.3 Analysis of structural defect in growing bilayers
a) Localized stiffness variation in one layer

We first consider that the stiffness can be locally modified as discussed in fig.(2), inducing a small change in the position
of the neutral surface. We focus on the linear variation of M7 or M*, and Cf or C*, simply deduced from eq.(37,38). The
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modification of these quantities are simply deduced taking into account the variation of 6 Z,, reported by eq.(34,35) in sect.(5.4),
which reads:

; oM{ oz

acy oz
aZT(LO) 8EZ !

5M 5E; oCT = (39
where E; is the Young modulus of the layer affected by the defect: E or E, and JE; is represented by E;6;(X), in a similar
way to eq.(34,35). Similar results apply for § M ® which corresponds to growth in the lower layer and for 6C*. We give here only

the results but we define first the following positive quantities:

2 2 2
o BB (hs + hy) o = (BgBshyghy(hs + b)) “0)
2D(O)(1 — VQ)(thf + E8h5)2 2D(O)(1 — VQ)(thf + Eshs)3
— When the growth occurs in the upper layer, which also exhibits a stiffness defect, then
§
SMT = —gl (X)mfé;(X); oCF = —%cféf(X) defect on top
(41)

oMF =gl (X)mf6,(X); o6CT = djiscf(is(X) defect on the bottom

— When the growth occurs in the substrate, perturbation occurs now on M ; and C§ and one needs to consider again a defect of
the stiffness either on top or on the lower layer.

SM* = —gi (X)mS Ea54(X);  6C° = %cféf(X) defect on top

nhy

(42)

SM® = g5 (X)mS J{JEhZf ds(X); o0C* = —%cfés(X) defect on the bottom

b) Localized variation of the thickness of one layer.

A defect in the thickness affects the position of the neutral surface but also, when the thickness defect occurs in the same
layer as the growth, the averaged value of the coefficients of eq.(21) related to the first bending FvK equation, eq.(20). We give
here only the schema when a dip appears in the lower layer, the growth occurring either on the top or the lower layer. A similar
analysis gives

dm? dc! dg!
M = 0% = gu(X)MB(X);  6CT = 00 = —ClB:(X) 3)

where as in sect.(5.3), Bs(X) describes the shape of a notch and M7 and C7 are dimensionless positive quantity.

E,h%2+ Ethg(2h, + hy) Egshs(hs + hs)
P = BpBhphy ot T of = Ses L T pqf 44
M PRI 9 DO (1 = 02)(Efhy + Eshg)?’ Ehhf—l—EshsM “4)

We examine now the case where growth occurs in the bottom layer where also the defect is localized: .

. . d° .
SM* = —gh (OMIB(X); 60" = 20" B,(X) (43)
with - -
Ezh + EfEshihs(—hs + hs) + E<h%(hy + 2hs
o s Bshphs(—hy + hs) + Ejhy(hy + 2hs) (46)
2thf(thf + Eshs)
c¢) Shape of defects

Localized defects can be positioned in any place of the sample. From eq.(36), we have noticed that they may induce an
equivalent forcing on the sample if they contribute to strong variation of the second derivatives of the coefficients M and/or
5C. Choosing a sharp defect in the center of the sample, a good representation may be § = eye™* */% where ey is the relative
amplitude of the stiffness defect which can be positive or negative, 2¢ depicts qualitatively its width. The second derivative is
Oxx0 is of order —2ey / ¢2 which for a defect of width 0.05 corresponds to an amplitude of 200ey at the center. It is to be noted
that the sign is opposite to ey. So the sign of the second derivative of §M or JC' can be easily found from paragraph (a). The
convention for thickness defect is the following:h;3;(X) where 5;(X) is negative for a notch and positive for a protusion. Here
again, 0., will be opposite to 5. In any case, it remains that the prediction of the global sign of the second member of eq.(36).
is hard to predict due to the competition between g1 and g;3. Let us remember that a positive sign of a localized contribution
will be equivalent to a localized forcing which will mimic the experiment [32] shown in fig.(3).
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(a) ¢ under pre-stress and variable stiffness  (b) ¢ under variable stiffness on a shell (c) Full shell profile 2 = ¢ + Wy(X)

Fig. 4. Buckling deviation due to a variable stiffness coefficient D(X), in a pre-stressed non-growing plate or shell. In (a), the profile ¢ of an
initial elastic plate under pre-stress Ny = 4 is plotted as a function of the X coordinate. The X -domain is reduced to the interval {—0.3,0.3}
for clarity. At both ends,X +0.5,( = 0and X = £0.5,9x(£0.03.0D = fDoe*(X*Xd)z/l5 with Do = 0 for the black line and Dy = 0.3
for the blue, red, magenta colored lines. Except for the magenta line, the dip is centered on X = 0, otherwise, it is located at X4 = 0.3. The
blue and magenta curves correspond to a narrow dip with [; = 0.1, the red curve to a larger one with {5 = 0.3. Notice that a dip located far
from the center has no effect and the deflection remains weak in any case (scale of the vertical line). In (b), ¢ for a pre-stressed shell of equation
Wo(X) = (1/4 — %) /5 of negative curvature and clamped boundary conditions : X & 1/2,¢ = 9x¢ = 0. In (c) the full profile £2 = ¢ + W,
with dotted black line for Wy. The same code of colors is applied in the three panels (a, b, c).

6.2 Numerical investigations of the FvK bilayer for a plate or a shell.

In this section, we aim to demonstrate the role of defects on plates and slightly curved shell portion under pre-stress. To simplify
we focus first on a homogeneous growth process: it means a process independent of X and identical in both layers or equivalently
a non growing sample. Then we will give numerical examples to illustrate the analytical results of the previous section when
differential growth occurs contingently to defects.

6.2.1 Decrease of thickness on a non-growing pre-stressed plate or shell

In this section, we will evaluate the role of a sharp variation on the D coefficient of a pre-stressed sample initially flat or
curved. For numerical purpose the defect has the shape of a penetrating peak and is represented by a Gaussian so 60D =
—Dge~ X —Xa)* /13, Dy is a positive coefficient which can be evaluated with either eq.(31) or eq.(32), I is an estimation of
the scale of the defect compared to the scale of the sample L and X is its relative position in the sample. For a plate, a curvature
is initially induced by the pre-stress and applying a slope at both ends. In fig.(4a) the imposed slope is dx( + 0.03 at X £+ 0.5
giving a deflection below the horizontal (black line). This deviation increases with the defect since it weakens the stiffness more
and more with the amplitude Dy = 0.2 (blue curve), Dy = 0.3 amplitude (red curve). Even for a sharp-pointed defect, with
lq = 1/10, the deviation ¢ remains small and not very selective. In addition, a displacement on the position of the defect does
not affect { too much (magenta curve). For a shell which is initially curved in the positive Z direction with clamped conditions at
both ends, as shown in fig.(4b,c), the deviation ( is amplified by the initial curvature and the pre-stress. Here again, any deviation
on the right of the defect weakens its role on ( since we cannot distinguish the deviation with lateral defect (magenta line) from
the black line. When the whole profile 2 = ¢ + wq(X) is considered, we clearly observe on increase of the total curvature when
the defect is centered at the maximum of deflection.

6.2.2 Thickness defects on growing plates and shells

The thickness variation on § D gives a very intuitive result. A much less intuitive result concerns the sign of dx20M and Ox26C
of eq.(36) since the results are dependent of the second derivative of these growth coefficients. These quantities have been studied
in details in sect.(6.1.3). We must notice that they have an opposite sign a priori and in practical situations, we will have little
information except by comparison with genetically modified tissues. So we will join these two contributions into a unique term
5S¢ = —(6M — 6C) = sge~X ~Xa)*/13 in the right-hand-side of eq.(36). Intuitively, as soon as this term is differentiated 2
times, it behaves as either a pressure if it is positive or a tension in the opposite case while the initial curvature of the concave
shell behaves like a pressure and a convex one like a tension. Knowing that a groove in the substrate is represented by a negative

profile, the second derivative is then positive for X = X, being given by Ox20Sr ~ 72/l§sge_(X_Xd)2/l§. Tllustration is
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Fig. 5. Buckling deviation ¢ in a pre-stressed growing plate. The prescribed boundary conditions are: ¢ = 0 and dx( = £0.03 at X + 0.5,
No = 4 and the black line is the initial shape of the plate under pre-stress. The defect is as follows: for D, §DO® = —0.367(X7Xd)2/l3,
0Se = sge_(X_Xd)Z/l3 with s = 0.5 (resp. —0.5) represented by a continuous blue line (resp. a dot-dashed blue line) and s, = 1 (resp.
sq = —1) represented by a continuous red line (resp. dotted-dashed red line) for the 3 panels. In (a), Xq = 0 and [ = 0.1. In (b), Xy = 0 and
lqg = 0.3. In (c) the same as in (a) for an eccentric defect positioned at X4 = 0.2. Notice the strong asymmetry of all curves in panel (c).
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Fig. 6. Buckling deviation ¢ for a pre-stressed (INo = 4) shell. The same definition and color codes apply as in fig.(5): black no defect, blue
continuous s, = 0.5,blue discontinuous s, = —0.5, red continuous curve s, = 1 and I = 0.1, red discontinuous s, =1 for the 3 panels.
Clamped boundary conditions are applied. In (a), the shell is initially concave and l4 = 0.1. In (b) the shell is initially convex. In (c), the defect
is localized on right x4 = 0.2 and the shell is concave. Wy (X) = (1/4 — X?)/5., for concave shape and Wo(X) = (X2 —1/4)/5 for convex
shape

given in fig.(5) for a pre-stress plate with defect localized at X = 0 with two different length-scales: {; = 0.1 and [; = 0.3 and
different amplitudes for s, = 0.5 and £1. A defect put on the right is also shown with a noticeable distortion in panel (c) of
fig.(5). In fig.(6), the same set of perturbations act on a shell either concave (panel(a)) or convex (panel(b)) and the deviation
¢ is plotted with boundary conditions ( = dx( = 0 for X 4 0.5. For the concave case (a), the deviation due to the defect is
decreased for s, > 0 and increased otherwise. The opposite result is obtained for in the convex case panel (b).The distortion is
shown in panel (c) only for the concave case. Once the deviation is superposed on the initial shell, depending on the respective
sign of the deviation versus the shell geometry, it is possible to observe an inversion of the curvature. This is demonstrated in the
three panels of fig.(7).

6.3 Confrontation of the uniaxial FvK bilayer model with experiments

In section (2), we presented experimental evidences that a local change in the mechanical properties of the ECM can induce
major morphological changes in the wing imaginal disc epithelium. Here, we confront our bilayer FvK formalism in the uniaxial
geometry to experimental profiles extracted from the images of fig.(2c,e).

We first focus on the tissue presented in fig.(2c), that we rescale in unit of the lateral size of the imaginal disc (fig.(8a)). The
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Fig. 8. Fitting experimental wing disc profiles with the uniaxial FvK bilayer theory. (a): Theoretical fit of an early wing imaginal disc, for
which the initial profile before perturbation was flat (same as fig.(2c)). (b): Theoretical fit of an older wing imaginal disc, for which the initial
profile before perturbation was curved (same as fig.(2e).

perturbation of the ECM was induced before the naturally occurring curvature could develop in the tissue. We therefore assume
no initial curvature: a horizontal plate only under pre-stress. We fix the slope conditions at the border, making the hypothesis that
the tissue periphery is not affected by the perturbation. This hypothesis is justified by the fact that the defect is well localized
at the center of the tissue. The fit of parameters is achieved by a limited number of trials. Fitted parameters converge to the
following values: a pre-stress of order 9 in unit of D and a parameter Dy = 0.3; a defect characterized by an amplitude s, = 4,

position 4 = 0.1 and width [; = 0.25, when the defect is modeled by the relation sye~ (X ~X0)*/li see sect.(6.2.2). Finally
in fig.(8b), the shape of the disc at the boundaries and the developmental timing of the perturbation, suggest that the tissue was
already curved at the onset of the perturbation. We then used the shell treatment with a best guess for the unperturbed shape
wo(X) = 0.7(1/4 — X% +4(1/16 — X*)), Ny has little effect and is put to zero, which suggests that in old epithelia, the outer
stresses have relaxed which is not the case for young epithelia. The amplitude of the defect have increased: it is now sg = 10;
localization is Xy = —0.05, and width [; = 0.1. Thus, the bilayered FvK theory can account for the mechanics at play in the
growing wing imaginal disc in the presence of a localized defect in the ECM, both when the tissue is initially flat and curved.

7 Numerical Simulations with Finite-Element Method

We now consider the problem of the bilayer bending in the linear Hookean elasticity approach using Comsol Multiphysics which
computes the deformations in the real geometry of the bilayer, two different connected layers, without averaging the elastic
properties. The bilayer we study in the following is made of a thin (h; = 10um) and relatively soft (£; = 50 kPa) upper layer
and a thicker (hs; = 12pm) and stiffer (Fs = 75 kPa) bottom layer. The length of the bilayer is L = 500 um. The layers are
submitted to growth and pre-stress, and the boundaries are either free or constrained. We investigate a defect, as a local removal
of the basal layer in the middle of the bilayer with an extension of 10 um and a thickness hgy < hg, and as a local change of
stiffness and growth in the bilayer. The growth is anisotropic and is introduced in a tensorial form: G,;; = 1 + g 61,015, with
g ~ 0 — 0.1. The growth may be introduced in the top layer only as in sect.(7.2), the bottom layer only in sect.(7.4), or in
both layers as in sect.(7.3). The pre-stress consists in an anisotropic compression or tension, so that 055 = —oP961;01; where

oF5 ~ 0 — 500 Pa.
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We also study the case of the shell on the further deviation of the sample. We set an initial curvature to the shell: Wy =
H x (L/2)7%((L/2)? — X?) where H is the displacement at X = 0. In order to compare the different results, we plot the profile
of the interface between the upper and lower layer (the red line in fig.(9e).

Finally, we fit FEM simulations to the experiment described in sect.(2). The result is compared to the one obtain from the
FvK calculation sect.(6.3).

7.1 Pre-stress on an initially curved bilayer

In fig.(9a) we investigate different initial shell shapes with different curvatures characterized by H = —20 pm, 0 pm, 20 pm with
the same pre-stress 07> = 200 Pa in the bilayer. For a plate, with no initial curvature, a bending toward the stiffer and thicker
basal side is obtained while for a convex or a concave shell, the initial curvature of the shell is reinforced in absolute value. This
is consistent with the previous FvK model for shells. In fact the bending deviation follows the initial shape of the shell.

7.2 Thickness and growth defect on growing plates and shells

In biological systems, the two layers in epithelia are not independent. For instance, the basal membrane regulates the proliferation
and the differentiation in the epithelium. In general, the basal layer structures the upper layer of the epithelium, and a defect in
the lower layer can have consequences on the proliferation and metabolism of the upper layer. Therefore, we now investigate
the shape change at the level of a defect which alters the thickness of the basal layer and consequently the growth of the upper
growing layer. Figure (9b) displays the results when the basal layer is removed in proportion of 85% (dotted lines) in thickness
and the upper layer is not growing at the defect level, as well as the case with no defect (continuous lines). We observe a buckling
towards the basal membrane, in the neighborhood of the defect.

7.3 Place of a defect

Defects can appear anywhere along a bilayer. In fig.(9c) we impose defects on a planar bilayer, located at X = 0,0.08,0.16 for
the blue, green and red lines respectively. Both layers grow to the same extent g = 0.1. The defect consists in removing a part of
the bottom layer. Interestingly, with the same size of the defect, the amplitude of the deformation is different, and the shift of the
defect is not only a shift in the deformation.

7.4 Dependence on boundary conditions

The comparison between confined and free geometries is a recurrent topic in cellular growth studies [37,38] from multiple
perspectives, such as the folding of epithelial sheets [39]. The boundary conditions of bilayer plates or shells are also necessary
for the analytical and numerical study of the system. But unfortunately, they are not always perfectly known. When the set-up
is symmetric, one can use those symmetries to constrain the problem, and the system has free-boundary conditions. Sometimes
the experiment is such that the system is clamped, or loses its symmetry. Confined systems are strongly dependent on boundary
conditions.

In fig.(9d) we compare the buckling in a constrained and free geometry. The buckling is very different, and its direction
(up or down) even changes when starting with a concave geometry. It may lead to strong inaccuracies in FEM simulations of
rectangular geometry and semi-analytical treatments become necessary, see reference [40]. Notice that in the previous sections,
sect.(6.2.1,6.2.2), boundary conditions are always fixed symmetrically for plates and clamped boundary conditions for shell
deviations. This point is important for comparing our numerical results to the experiments as shown in the next section. There
can be a few types of constrained geometry. In fig.(9d), it is obtained by imposing a zero displacement at two points on the lateral
boundaries. In fig.(9f), the whole lateral boundaries are imposed a zero displacement. In the second case, the Z-displacement is
close to have a zero derivative as boundary conditions.

7.5 Confrontation of the finite-element simulations with experiments

We use the finite element method to reproduce qualitatively the side to which the imaginal wing curves. We assume that the stress
inside the cell layer is induced by growth, and is relaxed when a defect is introduced. Since in classical mechanics only the stress-
free configuration and the configuration obtained after the process are to be taken into account, we make a multi-layer growth
with and without defect. In our simulations, we observed that a 2-layer model could not reproduce the experimentally observed
change of curvature upon ECM degradation. Only when an apical membrane is introduced in the model, can we reproduce
the behavior - making it essentially a 3 layers model. Indeed, contrary to the resolution of the FvK equation where boundary
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Fig. 9. (a): Profile of the interface between the two layers for different curvatures and a pre-stress o©° = 200 Pa, with no defect in the
lower layer. The continuous, dashed, and dotted lines correspond respectively to Wy + ¢, Wy and (. The red, green and blue lines correspond
respectively to H = {—20,0,20} um. (b): Profile of the interface between the two layers for a case with a defect of relative thickness
ha/hs = 0.85 with hy the defect thickness and h the bottom layer thickness. The growth parameter is g = 0.05. The green, blue, and red
curves correspond respectively to cases with an initial zero, concave and convex curvatures H = 0, 20, —20. (¢): Different shifts for the defect,
which is at X = 0,0.08, 0.16 respectively for the blue, green, and red line. The amplitude of the deformation depends on the localization of
the defect. The growth parameter takes the value g = 0.1. (d): Comparison between constrained (dashed lines) and free (continuous lines)
boundary conditions for zero, convex and concave initial curvatures (H = 0, —20, 20 for the green, red and blue lines) and a growing bottom
layer (g = 0.03). (e): Interface between the lower and upper layer in red. (f): Buckling for a constrained bilayer with a growing bottom layer
and an initial concave curvature.
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Fig. 10. Cuts of the imaginal wing for the different FEM simulations with and without defect. The colors reflect the stiffness: red for the basal
ECM, blue for the upper membrane and the cell layer, and cyan for the zone of the cell layer around the defect that softens in the refined model.

conditions are imposed, we use free boundary conditions with the Finite Element Method. Therefore a third layer has to be added
in order to constrain the system to bend towards the correct side.

More precisely, we simulated a thick (15 um) cell layer of length L = 500 um, growing between two non growing thin layers.
This process creates a compressive stress in the two non growing layers. The top layer has a thickness of 5 um and the lower
layer has a thickness of 2 um. The apical membrane may represent the apical cortex, and the apical adherens layer that dominates
apical mechanics in epithelia [4], whereas the basal membrane represents the ECM. The growth deformation gradient is written
as: Gjj = 14 61;01911. The boundary conditions are free.

We fit the experiment (fig.(11a,11b)) and we find a basal ECM stiffer (£, = 100 kPa or E}, = 30 kPa) than the upper
membrane and that the cell layer (£ = 10 kPa). In the case of the early imaginal wing, g1; = 0.2 and E}, = 30 kPa, and for the
old imaginal wing g;; = 0.25 and E}, = 100 kPa. We also introduce an asymmetry for the place of the defect at X = —0.025
for the old epithelium and X = 0.15 for the early epithelium. The apparent growth is thus higher and the ECM stiffer for the
old imaginal wing when compared to the early imaginal wing. This set-up results in a bending toward the upper layer in the case
with no defect for the old imaginal wing and a slight bending towards the basal side for the early imaginal wing (fig.(10a,10c)).
However, when a defect of length [; = 100 pm is introduced in the form of a removal of the basal ECM, the curvature undergoes
an inversion toward the basal side in in both cases (fig.(10b,10d)).

It seems that for the early imaginal disc this model is sufficient to properly reproduce the experimental profile (fig.(11a)).
However, the agreement was not as good for the older initially curved imaginal disc (fig.(11b)).We then modified the FEM model
with the same strategy as for the FvK model, by changing the stiffness at the level of the defect, making the cell layer softer. This
refined model provided a better fit to the experiments (fig.(10e,11c)). The new values of the fit for the old imaginal wing are:
g11 = 0.43 and ¥ = 1.7 kPa in the cell layer at the defect level. The other parameters remain unchanged. Contrarily, changing
the growth rate at the level of the defect does not improve the fit. We deduce that the contribution s, of the defect in sect.(6.3) is
mostly due to a change of the stiffness in the growing cell layer at the level of the defect, rather than a change of growth. This
is consistent with the duration of Mmp2 expression during the experiment (18-24 h), see sect.(2). No pre-stress was introduced
in the FEM simulations, since this pre-stress is assumed to be caused by growth, and the growth can be introduced explicitly
with an order of magnitude larger than with FvK. For the same reason, growth generates the curvature, which is not introduced
explicitly. To conclude, FEM simulations validate the FvK calculations.
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Fig. 11. Fitting experimental wing disc profiles with the FEM model. (a): Theoretical fit of an early wing imaginal disc, for which the initial
profile before perturbation was flat (same as fig.(2c)). (b): Theoretical fit of an older wing imaginal disc, for which the initial profile before
perturbation was curved (same as fig.(2e). The stiffness of the cell layer is not altered by the defect. (¢): Comparison between the refined fit
when the stiffness of the cell layer is altered by the defect (in green) and the case when it is not (red).

8 Discussion and conclusion

Motivated by experimental evidence that the ECM plays an important role in shaping epithelia in 3D, as shown in fig.(2), this
work provides a mechanical description of growing epithelia in the Foppl-von Kdrmén framework. In the context of embryo-
genesis and organo-genesis, previous theoretical studies have modeled epithelia using the vertex model [41—43] inspired from
the physics of foams [44]. Indeed, epithelia are cellular pavings where the main unit has a polygonal shape in 2D or a shape
of polyhedrons in 3D. Vertex models approximate cells as polygons, make hypothesis about the mechanics of individual cells
(e.g.their growth, surface or line tension and stiffness) and simulate the behavior of cell assemblies from these elementary rules.
These simulations are based on energy minimisation, as in the present work. One limitation of cell-based models is the fact that
simulating cell assemblies may become difficult at very large cell number, notably when the parameter-space must be explored. In
addition, it is rather hard to extract macroscopic physical quantities such as Young modulus or surface tension from microscopic
parameters describing the cells.

Most of the aforementioned theoretical works focused on the 2D mechanics of the apical surface of epithelia, with only
few studies addressing the 3D aspects of tissues [45,46]. Epithelia are usually thin layers and the elasticity of slender elastic
objects such as plates, tubes or membranes can be good candidates to describe their mechanical properties especially in the
presence of bending. However, a single plate may be too simple a model when it comes to explain the behavior of epithelia,
which are intrinsically multilayered systems. In the present paper we have considered the multi-component structure of epithelia
from the view point of elasticity. Local changes in elastic coefficients and differential growth are at the origin of stresses able to
buckle the sample. Not only could our bilayered elastic model predict a broad range of morphogenetic behavior, it also yielded
surface profiles that were in very good agreement with experimentally observed ones. Notably, it could account for the localized
degradation of the ECM on two experimental observations that were limit cases: one initially flat and one initially curved wing
imaginal discs (figs. (2,8)). The morphogenetic processes that we observed and modeled -fold formation upon ECM degradation-
were artificially induced via an ectopic genetic expression of the metalloprotease Mmp2. These experiments, as such, fall in the
realm of ”synthetic morphogenesis”. Nevertheless, similar processes are naturally occurring in tissues. For example, deep folds
that develop at late stage of the wing imaginal disc are thought to arise through such a local degradation of the ECM [23,24].

In this paper, we performed experimental observations of tissues exclusively after the action of the genetic perturbation. Ideally,
one would need to image the tissues before and after the onset of the perturbation to completely disentangle the origin of the
buckling. This is experimentally possible in Drosophila with chronic imaging [47].

In the uniaxial geometry (with only one dimension for the sample), defects generates buckling distortions of the shape due
to variation of thickness, stiffness but also of growth process. For a 1D bending process, the in-plane elastic equation is trivially
solved and only the bending equation exhibits interesting degrees of distortions. It is not the case for 2D modes of deformations
where spatial patterns happen on the outer periphery of the samples ([15,16]). One can then expect interesting patterns in these
geometries.
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RESUME

Les formes dans la nature, du chou-fleur au cerveau, proviennent de la croissance des tissus. Pour comprendre
I'émergence des formes, en particulier dans les tissus biologiques, il faut saisir les caractéristiques mécaniques in-
hérentes au matériau vivant. De plus, de nombreux objets vivants minces sont composés de plusieurs couches qui ont
des propriétés élastiques différentes et suivent également des regles de croissance différentes. Dans cette thése, nous
essayons d'utiliser I'élasticité non linéaire pour modéliser la croissance de I'épithélium de C.elegans et de la drosophile.

Nous étudions d’abord le mécanisme de I'élongation embryonnaire de C.elegans. Nous étudions I'effet de I'application de
la technique d’ablation laser pour I'évaluation des contraintes sur I'épiderme externe. Lhyperélasticité avec renforcement
par fibres est considérée dans la relation constitutive. La contrainte interne induite par le réseau actif est examinée dans
le calcul. En outre, une formule modifiée est proposée pour la fissure ouverte sur la surface de I'animal. Les résultats
avec les données expérimentales prouvent la validité de notre approche. Ensuite, nous essayons de simuler le flambage
du tissu épithélial du disque alaire de la drosophile. Un modéle de Fdppl-Von Karman bicouche avec croissance est
obtenu pour une fine lamelle avec une matrice extracellulaire (ECM). La contribution a la flexion par le réseau actif est
incluse dans le modéle. Nous obtenons une solution analytique des équations non linéaires. Le défaut de 'lECM est pris
en compte pour I'expérience. Nous utilisons le logiciel commercial COMSOL pour la simulation numérique en 3D. Une
plateforme d’éléments finis est également préparée dans MATLAB pour les besoins de cette recherche.

MOTS CLES

croissance, épithélium, élasticité non linéaire, réseau actif, bicouche

ABSTRACT

Shapes in nature, from the cauliflower to the brain, arise from growth of tissues. Understanding ultimately the emergence
of shapes, in particular in biological tissues, requires to capture the mechanical features that are inherent to the living
material. Besides, many thin living objects are composed of several layers which have varying elastic properties and also
follow different rules of growth. In this thesis, we try to employ nonlinear elasticity to model the growing epithelium of
C.elegans and Drosophila.

We first study on the mechanism of C.elegans embryonic elongation. We investigate the effect of the application of
laser ablation technique for the stress assessment on the external epidermis. Hyper-elasticity with fiber reinforcement is
considered in the constitutive relation. Inner stress induced by active networks is examined in the calculation. In addition,
a modified formula is proposed for the crack opening on the animal surface. Results with experimental data prove the
validity of our approach. Then we try to simulate the buckling of the epithelial tissue of the Drosophila wing disc. A
bilayer Féppl-Von Karman model with growth is obtained for a thin lamina with an extracellular matrix (ECM). Bending
contribution by active networks is included in the model. We acquire an analytical solution of the nonlinear governing
equations. Defects of ECM are taken into account for the experiment. We employ commercial software COMSOL for
numerical simulations in 3D. A finite element platform is also prepared in MATLAB for research purpose.

KEYWORDS

growth, epithelium, nonlinear elasticity, active network, bilayer
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